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SUMMARY 

The Link Group of Genera l  P rec i s ion ,  under  con t r ac t  to the 

National Aeronaut ics  and Space Admins t r a t ion ,  Goddard Space 

Fl ight  C e n t e r ,  has  conducted the Analog -Digital  Data Archive 

Study fo r  the purpose of determining the m o s t  sui table  method 

f o r  record ing ,  s tor ing  and retr ieving of t e l eme t ry  data .  Ex- 

tensive investigations have been conducted into the problem a r e a s  

of the p re sen t  data s torage  and p rocess ing  s y s t e m .  

presented  in this  r epor t  wil l  show methods which would be used to 

a l leviate  t hese  problems.  

The data 

With the advent of high data ra te  s a t e l i t t e s ,  the problem of 

s to r ing  data  becomes  extenisve.  

become a v a s t  p roblem,  but a lso,  a s  the or ig ina l  study spec i f ica-  

t ions point out ,  magnet ic  tape must  be exe rc i sed  at l ea s t  once p e r  

y e a r  to p r e s e r v e  rel iabi l i ty .  The re fo re ,  as y e a r s  pas s  by, the 

p r o b k m  becomes  increasingly complex for  exerc is ing  tapes .  

Because  of these  problems,  inducement f o r  immediate  exploration 

of new ideas  f o r  reducing s torage space  and el iminat ion of e x e r c i s -  

ing magnetic tapes  has  been warran ted .  

Not only does s to rage  space  

Since a re la t ive ly  s m a l l  amount of work  has  been done in these  

problem a r e a s ,  new concepts and ideas wil l  be necessa r i ly  a d -  

vancing the s t a t e  -of-the -art. 

study p r o g r a m  fo r  applicable s torage  media  on the specification of 

having the capabili ty for  reliable r ecove ry  of data  over  per iods 

Link has  emphas ized  and based  i t s  

longer  than five y e a r s .  

to  the problem of a rch iva l  s torage  a r e  advancing the s t a t e  -of-the - a r t ,  

Even though some  of the ideas  and solutions 
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the thought is always p re sen t  that  these  methods could be  immedia te ly  

implemented into ha rdware  and be able  to solve the immedia te  

s to rage  problems f o r  NASA, and still maintain a rch iva l  quality fo r  

a long period of t ime.  Investigation has  been made  into a type of 

med ium f o r  long t e r m  s to rage .  how the data  could be  t r ansmi t t ed  

f r o m  magnetic tape to  this new med ium,  a way of providing s h o r t -  

t ime  accessabi l i ty  to  the data  s t o r e d  on the new med ium,  and 

integration of a data  reduct ion device into the ove ra l l  s y s t e m  of 

da ta  processing.  

A f t e r  extensive examinat ion of a l t e rna te  med ia ,  the conclusion w a s  

m a d e  that photographic f i lm  rep resen ted  the opt imum archiv ing  

medium.  Using this information as a point of d e p a r t u r e ,  a 

thorough investigation of f i lm chips ,  d i s k s ,  and r e e l s  was  con-  

cluded. 

fo r  the specific task  outlined by GSFC. 

knowledge gained f r o m  s i m i l a r  company funded s tudies ,  and a 

breadboard ,  used in the ro l e  of ver i f icat ion of theory ,  (but  not 

necessa r i ly  designed to produce the ul t imate  in technique) ,  and 

r igorous  mathemat ica l  calculat ion has  shown film in  the f o r m  of 

r e e l s  to be the b e s t  method to r e c o r d  t e l e m e t r y  da ta .  

per ience  h a s  shown that ,  with reasonable  c a r e ,  the rel iabi l i ty  and 

fideli ty requi rement  can  be m e t  fo r  da ta  r e t r i e v a l  a f t e r  s e v e r a l  

decades  of s to rage .  

Mathematical  ana lys i s  pointed to the use  of r e e l  film 

Prev ious  exper ience  and 

P a s t  e x -  

In spite of twenty y e a r s  use of magnet ic  r eco rd ing  in a la rge  var ie ty  

of applications,  the record ing  p r o c e s s  on magnet ic  tape  is s t i l l  not 



. 
WDR-96-3  
P a g e  iv  

well-defined. P r o b l e m s  in magnetic pr int- through,  c r o s s  - ta lk ,  

and  demagnetization m u s t  be overcome before  magnet ic  tape can 

be cons idered  as a n  a rch iva l  s torage  medium.  

w a s  chosen as  the s torage  media because its p a r a m e t e r s  permi t ted  

a thorough quantitative analysis  leading to  a design of a f i l m  r e -  

co rde r  and complete s y s t e m  which could be uti l ized by GSFC.  

Photographic  f i lm 
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I. STATEMENT O F  THE PROBLEM 

A t  the p re sen t  time the GSFC has about 44,000 analog and 10,000 

digi ta l  magnet ic  tapes  in s torage  f r o m  var ious  sa t e l l i t e s .  During 

the next few y e a r s  high data  r a t e  s a t e l l i t e s  wil l  be launched which 

wi l l  i n c r e a s e  these  numbers  considerably.  

made  which indicate,  based  on available f igu res ,  f ive y e a r s  a f t e r  

the launchingof  the f i r s t  OGO sa te l l i t es  t he re  would be a total  s to rage  

r equ i r emen t  f r o m  all s o u r c e s  f o r  240 ,000  analog tapes  and 7 5 , 0 0 0  

digi ta l  tapes  a t  the GSFC. 

used  in tape l i b r a r i e s ,  the s torage  of 7 tapes  p e r  cubic foot on 

she lves  s e v e n  f ee t  high with 100% additional f loor  space  allowance 

f o r  a i s l e s  would r e s u l t  in a requi rement  of 12,600 s q u a r e  f ee t  of 

building space .  

in one of the GSFC multipurpose buildings. One r eaches  the obvious 

conclusion that an  immediate  problem is the v a s t  s to rage  a r e a  

r e q u i r e d  as the data  accumulates .  F u r t h e r ,  an  e s t ima te  of the 

r equ i r emen t  fo r  the nea r  fu ture  shows tha t  130 analog tapes  and 45 

d ig i ta l  tapes  wil l  have to be s to red  eve ry  day; t he re fo re ,  some  

immedia te  solution mus t  be found to  reduce the s to rage  space  and 

still r e t a i n  the data  in i ts  t r u e  form a f t e r  s e v e r a l  y e a r s  of s torage .  

Calculations have been 

Using common p rac t i ce  methods now 

This  cor responds  approximately to the useful space  

Another problem assoc ia ted  with magnet ic  tapes  is the layer  - to-  

l aye r  magnet ic  "print-through. l l  

of t ime  tend to be unrel iable  because of "pr int- through' '  o r  other  

aging effects .  

once a yea r  to re loca te  the layer - to- layer  magnet ic  f ie lds  and thus 

Tapes  s t o r e d  over  a long per iod 

The p resen t  solution is to qxe rc i se  the tapes  about 
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minimize the "print-through" effect .  However ,  as l a rge  volumes 

of data  accumula te ,  this  operat ion becomes increasingly difficult. 

Some other  means  of s to rage  mus t  be found to e l iminate  the "p r in t -  

through" problem. 

In summary ,  immediate  solutions m u s t  be found fo r  the problems 

l i s ted  which a r e  a s soc ia t ed  with the p r e s e n t  s to rage  methods: 

1. 

2. 

3 .  

4. 

5. 

6.  

Excess ive  s to rage  space  r equ i r emen t .  

Pe r iod ic  exerc is ing  of magnet ic  tapes .  

Lack of automatic  indexing. 

Manual operat ions involved in  r e t r i eva l .  

High cos t  of ma te r i a l .  

L e s s  than optimum re l iab i l i ty .  
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11. FACTS DOMINATING THE PROBLEM 

GSFC specif ied that  this  study should cen te r  around the following 

e s sen t i a l  charac te r i s t iGs  of the data s to rage  sys t em:  

A .  A volumetic improvement  by a t  l e a s t  a fac tor  

of 1OO:l mus t  be achieved.  

B. An e lec t ronic  output f r o m  a device m u s t  

be available to provide a n  input to the data  

process ing  equipment. 

C. Magnetic tapes  have hand wr i t t en  log in- 

format ion  identifying each  r e e l  with a 

par t icu lar  sa te l l i t e ,  pas s  number ,  s ignal  

quali ty,  e tc .  Some means  should be 

found to r e c o r d  this  information on the 

new s to rage  medium where  it could be 

reproduced when p rocessed  in the data 

process ing  equipment. 

D. A bas ic  analog s to rage  capabili ty is  

p referab le .  An absolute  accu racy  of 

&I. 0 percent  is r equ i r ed .  

accu racy  of up to * O .  1 percent  i s  de -  

s i r e d .  The bandwidth capabili ty of the 

s to rage  medium should not appreciably 

degrade that available f r o m  magnetic tape;  

Higher 
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i. e . ,  response  to 500 kc  when the 

magnetic tape s y s t e m  is played at 

120 ips ( inches pe r  second) .  

E. A new device approach  m u s t  be operat ional ly  

m o r e  a t t rac t ive  as a s y s t e m  than the existing 

magnet ic  tape or ien ted  approach .  

Other fac tors  involved which a r e  cons idered  des i r ab le :  

A .  Capability for  automatic  a c c e s s  without 

manual  intervention to all data  in s to rage .  

B. If complete  automatic  a c c e s s  is  not f eas ib l e ,  

capabili ty should be provided fo r  automatic  

indexing to minimize the likelihood fo r  

human e r r o r  in data  r e t r i eva l .  

C. A significant d e c r e a s e  in the cos t  of e x -  

pendable ma te r i a l .  

D. Significantly improved re l iab i l i ty  ( the 

max imum magnetic tape s t anda rd  of approximate ly  

one b i t  in e r r o r  of 10 
6 

m u s t  be maintained.  ) 

E. A capabili ty for  re l iab le  r ecove ry  of data  over  

per iods longer than f ive y e a r s  i s  highly des i r ab le .  
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111. DISCUSSION 

The study p r o g r a m  was  per formed in essent ia l ly  t h r e e  pa r t s :  

(1) s e a r c h  fo r  a des i r ab le  a rch iva l  base m a t e r i a l  which had 

excel lent  s to rage  cha rac t e r i t i c s  and r ema ined  dimensional ly  

s tab le  a f t e r  s e v e r a l  y e a r s  s torage ;  ( 2 )  

oxide f i lms  which could be bonded to a b a s e  m a t e r i a l  and,  c o m -  

bining one of t hese ,  become the ac tua l  s to rage  med ia ;  ( 3 )  inves t i -  

gation of the problems associated in record ing  and reproducing 

on var ious  s to rage  media.  

emulsions o r  magnetic 

A .  Archival  Base  Mater ia l  

Some of the various b a s e  m a t e r i a l s  w e r e  el iminated 

at the onse t  of the study because of obvious l imitat ions.  

b a s e ,  f o r  example,  de te r iora tes  with age and mildew. In addition, 

wi th  the c u r r e n t  application of paper in the f o r m  of punched tape 

and punched c a r d s ,  the end resu l t  is  a low b i t  s to rage  capacity 

A paper  

p e r  unit volume and fu r the r  l imits both record ing  and reproducing 

modes .  Some other  configurations w e r e  not cons idered  applicable 

f o r  a r ch iva l  s to rage  because  of o n e o r  m o r e  of the following l i s ted  

c h a r a c t e r  is t ic s : 

(1) Low storage efficiency pe r  unit volume. 

(2)  Poor  expandability, that  is the s y s t e m  

is not open ended. 

( 3 )  E a s e  of handling the m a t e r i a l  
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(4)  High accuracy  in the construct ion 

of reading and wri t ing equipment.  

(5)  Pe rmanency  of the r eco rd .  

( 6 )  Suitability to var iab le  r e c o r d  length. 

(7)  Limited reading and wr i t ing  speeds .  

( 8 )  High cos t  of s to rage  media .  

(9)  Flexibi l i ty  of use  compared  with 

a c c e s s  t ime.  

(10)  Adaptability to fu ture  information 

s to rage  equipment. 

( 11) Compatabili ty with fu ture  improve - 

ments  in the s t a t e  -of -the - a r t  of 

record ing  and wri t ing methods.  

The  investigation finally centered  on two different  m a t e r i a l s ,  g lass  

and polyethylene te rep tha la te .  

by the more f a m i l i a r  names  of "Mylar" (Dupont) o r  "Estar" 

(Eas tman Kodak Company).  

Polyethlene te rep tha la te  i s  known 

1. Glass  has  yet  to be s u r p a s s e d  as a base  

m a t e r i a l  in c r i t i ca l  appl icat ions where  d imens iona l  s tabi l i ty  is  
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paramount .  

e s sen t i a l ,  o r  when t empera tu re ,  humidity,  and o ther  f ac to r s  make  

i t  difficult to hold s i z e  accurately.  

s tabi l i ty  then the s t e e l  gage blocks used fo r  s tandard ized  measu remen t s .  

Its humidity coefficient is n i l  and, possess ing  a t h e r m a l  coefficient 

of expansion of only 4. 5 microinches p e r  inch p e r  deg ree  Fahrenhei t ,  

g l a s s  is roughly t h r e e  times as s tab le  as aluminum i n  this  r e s p e c t ,  

twice as good as bronze ,  significantly m o r e  s tab le  than "s table"  

p las t ic  b a s e s ,  and excels  hardened s tee l .  Any dimensional  changes 

due to t empera tu re  effect  a r e  t ru ly  r eve r s ib l e .  

This  appl ies  when exac t  r e g i s t e r  of s i z e  holding is 

Glass  has  even g r e a t e r  dimensional  

Thus ,  subjec t  to the usual  l imitations of weight and f rag i l i ty ,  the 

t h r e e  unique p rope r t i e s  of g lass -base  plates  which can  be used  to 

so lve  design problems a r e :  

(a) no measurable  humidity 

coefficient of expansion. 

(b) The t h e r m a l  coefficient of 

expansion of g lass  i s  the lowest  

of any of the base  m a t e r i a l s  inves t i -  

gated. 

A degree of f la tness  c a n  be  provided 

with g l a s s ,  when r equ i r ed ,  tha t  is  

unattainable with o ther  base  

ma te r i a l s .  

(c )  

2. Since the purpose of this study p r o g r a m  is to 

provide the bes t  means  possible of s tor ing  data  for  per iods of s e v e r a l  
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y e a r s  o r  into the decades ,  the mois ture  p r o p e r t i e s ,  mechanical  

p rope r t i e s ,  dimensional  s tabi l i ty ,  e tc .  , of polyethylene terephthalate  

w e r e  taken f r o m  the Kodak E s t a r  specif icat ions s ince  the i r  fami l ia r i ty  

with a rch iva l  s to rage  would be extensive,  and  the base  c h a r a c t e r i s  - 

t ics  of the polyester  base  would apply in the final ana lys i s  along 

with the ma te r i a l  o r  m a t e r i a l s  bonded to it.  

The polyester base  m a t e r i a l  is  a lmos t  completely a function of the 

re la t ive  humidity of the a tmosphere  to which i t  i s  exposed,  not of 

the absolute humidity. 

equivalent re la t ive  humidity which is the re la t ive  humidity of the 

a i r  with which the base  is  in equi l ibr ium, r a t h e r  than to i t s  m o i s t u r e  

content. 

function of its equivalent re la t ive  humidity.  

In other  words ,  the base  has  i ts  own 

The physical behavior of the polyester  base  is  a d i r e c t  

When E s t a r  base  is changed f r o m  one re la t ive  humidity to ano the r ,  

a ce r t a in  amount of t ime m u s t  e lapse  before  it es tab l i shes  equi l ibr ium 

in i ts  new environmetal  re la t ive  humidity. 

gradient  of a r o l l  of p rocessed  f i lm of E s t a r  base  when changed f r o m  

70°F - 5070 R H  ( re l a t ive  humidity) to 70°F - 570/0H. 

clude tha t  a polyester  base  should be kept  in an  a tmosphe re  where  

the RH is 45 f 570 in both the r e c o r d  and reproduce  modes .  If the 

humidity differential  is not min imized ,  such  conditions as c u r l  

e f fec ts ,  f r ic t ional  differences o r  d imens iona l  d i s tor t ions  occur .  

I f ,  f o r  example,  the polyester  base  is  wound in r e e l  f o r m ,  a length-  

wise curva ture  r e s u l t s  because the inside su r face  i s  under c o m -  

p res s ive  s t r e s s  and the outs ide s u r f a c e  under  tens i le  s t r e s s .  

F igu re  1 shows the moi s tu re  

One m u s t  con-  

This  
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phenonmenon of lengthwise plast ic  flow of a base  that  is  held in 

ro l l s  is  usually r e f e r r e d  to a s  "co re - se t "  and wil l  r e s u l t  in a c u r l  

effect .  

Extensive d i m c n s  innal stability r-easurements w c r e  ixade by Kodak. 

Unless otherwise indicated,  a l l  measu remen t s  w e r e  made by the 

pin-gage method a s  descr ibed  in "American Standard Method for  

Determining the Dimensional Change Charac te r i s t i c s  of Photographic  

F i l m s  and P a p e r s ,  PH1. 32-1959, ' I  with a 10-inch gage length on 

s t r i p s  35 mm wide. 

a high degree of uniaxial ism,  i. e .  , i t  is s t r e t ched  in both the 

length and width d i rec t ions .  Consequently,  any s l ight  p re fe rence  

in molecular  or ientat ion in one d i rec t ion  in the plane of the shee t  

may not be in the length o r  width d i rec t ion .  

change m a y  l ie  in some  d i rec t ion  between the length and width,  for  

example,  in a diagonal direct ion.  However,  the base  i s  manufactured 

s o  that any difference in p rope r t i e s  i s  quite s m a l l .  

using the pin-gage method, the t h e r m a l  coefficient of the E s t a r  

polyester  base is 0.  001570 pe r  degree  F m e a s u r e d  between 7OF-2070 

RH and 120F-2070RH. 

flow and some mechanica l  s t r a i n  r e l e a s e  of the b a s e .  

of the E s t a r  base  i s  0. 06% a f t e r  t h ree  y e a r s  a t  78F-6070 RH, a s  

shown in Figure 2. Most of the shr inkage  takes  place in the f i r s t  

y e a r ,  s ince a f t e r  one yea r  of aging,  a 0. 0570 reduct ion was  noted 

with s torage  a t  78F-6070 RH. 

E s t a r  polyester  bases  a r e  manufactured with 

The max imum dimensional  

Exper iment ly ,  

The aging shr inkage is the r e s u l t  of p las t ic  

The shr inkage  
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B. Investigation of Complete S torage  Media 

Bas ica l ly ,  two different  methods of record ing  

and reproducing of high speed data a r e  used.  

magnetic and the opticai  methods.  

be discarded.  F o r  example ,  s o m e  punched tape s y s t e m s  have 

used plastic tape which i s  considerably s t ronge r  than paper  and 

i s  m o r e  permanent  fo r  a r ch iva l  s to rage ,  a l s o ,  this  m a t e r i a l  can 

be t r a n s f e r r e d  a t  high speed;  however ,  it is  m o r e  difficult to 

per fora te  in the record ing  p r o c e s s .  

been t r i ed  but a s ide  f r o m  its excel lent  s to rage  life c h a r a c t e r i s i t c s  

i t  has  the same  l imitat ions and s to rage  capaci ty  as o ther  punched 

tape media.  A t he rma l  mode might be used w h e r e  a L a s e r  beam 

could etch in some m a t e r i a l ;  however ,  this method was  not i n -  

vest igated because of the l imited amount  of t ime  for  the s tudy.  

These  a r e  the e l ec t ro  

P u r e  mechanica i  methods mus t  

S ta in less  steel  r ibbon has  a l s o  

With the two above different  methods of record ing  and reproducing 

being used, ( e l e c t r o  magnet ic  and opt ical) ,  the investigation of a 

complete  s torage  media was  d i rec ted  toward magnet ic  tape ,  

photographic g lass  d i sks ,  and photographic f i lm  in r e e l s .  

1. Magnetic Tape 

The major i ty  of magnet ic  tape used today 

has  a polyester base  fo r  use in high g rade  high reso lu t ion  appl ica-  

t ions.  

coating adhered to a flexible plast ic  c a r r i e r :  a s ingle  magnet ic  

coating is general ly  used.  

m a t e r i a l  used is gamma f e r r i c  oxide in the f o r m  of needle  shaped 

pa r t i c l e s .  

The genera l  construct ion of m o s t  tapes  c o m p r i s e s  a magnet ic  

With a ve ry  few except ions,  the magnet ic  
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A paper  presented  a t  the International Conference on Nonlinear 

Magnetics in Apr i l  1963 [l ] gives detai led data  on magnet ic  tape 

r eco rd ing  m a t e r i a l s .  Both base and coating a r e  made  as thin as 

possible  to achieve a maximum volume densi ty  of information in 

a record ing .  Provided equivalent physical  p rope r t i e s  can  be 

maintained in thin base  l a y e r s ,  the l imiting fac tor  wil l  be the 

magnet ic  pr int ing effect  between adjacent  l a y e r s  in the wound tape.  

A s  the magnet ic  coating thickness is  reduced a n  additional problem 

a r i s e s  due to a re la t ive ly  g rea t e r  undesirable  ampli tude modulation 

of the reproduced  s igna l  caused by mechanical  f laws in the coating. 

Not only m u s t  a magnet ic  layer be cons idered  f r o m  the viewpoint 

of max imum su r face  field f o r  reproducing,  but a l s o ,  a l a rge  field 

is undes i rab le  with r e s p e c t  to the printing of s igna ls  between l a y e r s  

of tape.  

insensi t ive to remagnet izat ion by small d. c .  f ie lds ,  which m a y  

b e  accompanied by o ther  energies  such  a s  t empera tu re  r i s e  or  

ex te rna l  a. c .  f ie lds .  The  basic phenomenon involved i s  magnetic 

v i scos i ty  due to the rma l  fluctuations. When a magnetic f ie ld  is  

appl ied to a m a t e r i a l  consisting of single domain p a r t i c l e s ,  the 

resu l t ing  change in magnetization m a y  take a f ini te  t ime due to 

re laxat ion effects .  F o r  the same reason ,  when the field is  

r emoved ,  the magnetization may gradual ly  d e c r e a s e  with t ime.  

The  magnitude of this  phenomenon depends c r i t i ca l ly  on the par t ic le  

volume and the t empera tu re .  

enough to be in the range  where s ingle-domain p rope r t i e s  give way 

t o  superparamagnet ic  proper t ies ,  then applied f ie lds  s m a l l e r  than 

In addition, the magnetic m a t e r i a l  of the tape should be 

In gene ra l ,  if the volume is small 
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those necessa ry  to switch the s ingle-domain pa r t i c l e s  can ,  in 

t ime ,  produce fu r the r  magnetization in the f ie ld  direct ion.  Low 

susceptibil i ty to unwanted printing effects during tape s to rage  

would then s e e m  to be obtained if the par t ic le  volume dis t r ibut ion 

can  be r e s t r i c t ed .  

The t r end  towards high resolut ion tapes  on which s h o r t e r  wave-  

lengths a r e  r eco rded  reduces  the seve r i ty  of the print-through 

problem since the printing f ie ld  f r o m  adjacent  r eco rded  l a y e r s  in 

a tape i s  reduced when the r a t io  of r eco rded  wavelength to l aye r  

separa t ion  is sma l l .  New oxides a r e  being developed which m a y  

reduce the magnet ic  l aye r  thickness  and s t i l l  produce the r equ i r ed  

record ing  and reproducing c h a r a c t e r i s t i c s .  Another paper  p r e  - 

sented  at the above conferece  

sa tura t ion  recording using chemical ly  deposi ted cobalt .  

m a t e r i a l  could potentially be a new magnet ic  tape medium. 

[ 2 ]  gave da ta  per ta ining to 

This  

At the 1964 INTERMAG Conference,  a paper  was  presented  

where  a nickel-colbalt  m a t e r i a l  was  d i scussed .  A s  s t a t ed ,  a thin 

magnet ic  sur face  not only fac i l i t a tes  s h a r p e r  magnetization 

r e v e r s a l s  by the wr i t ing  t r a n s d u c e r ,  but i t  i s  a l s o  be t te r  able  to 

r e s i s t  demagnetization. However,  a t  v e r y  high dens i t ies  (bi ts  pe r  

inch) ,  self and adjacent  bit  demagnet izat ion become increas ingly  

significant with a subsequent fa l l -off  of the output s ignal .  

this  c r i t i ca l  demagnet izat ion region tha t  i s  cons idered  in this  

paper .  

a s  a function of the magnet ic  p a r a m e t e r s  of the record ing  medium 

[3 ] 

It i s  

An  express ion  is der ived  f o r  the densi ty  of the record ing  
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and the thickness .  Using saturat ion r eco rd ing ,  the equation is 

t e s t ed  aga ins t  s e v e r a l  Ni Co su r faces  w h e r e  composition and thick-  

nes s  a r e  purposely var ied.  

the dens i t ies  calculated and those achieved experimental ly .  A s  

shown in F igure  3, frequency response  cu rves  of output v e r s u s  

dens i ty  w e r e  m e a s u r e d  for  the var ious record ing  s u r f a c e s ,  where  

V s  i s  playback voltage,  H is o e r s t e d s ,  M is  in emu ,  and the numbers  

on the graph r e p r e s e n t  var ious samples  of the magnetic ma te r i a l .  

The m e a s u r e d  bi t  densi ty ,  the maximum dens i ty  before  the s igna l  

drop-off,  was  se lec ted .  In other w o r d s ,  the m e a s u r e d  bit  densi ty  

co r re sponds  to the knee of the frequency r e sponse  curve .  The  

s igna l  at dens i t ies  lower than the opt imum bi t  densi ty  would be 

constant  because  demagnetization does not s e r ious ly  a l t e r  the 

magnet izat ion of the r eco rded  bits at these  densi t ies  fo r  s q u a r e  loop 

m a t e r i a l s .  The re fo re ,  the calculated densi ty  is the opt imum densi ty  

before  appreciable  s igna l  fall off. 

A favorable ag reemen t  i s  found between 

One of the m o s t  complete  derivations on magnetic pr int- through was  

done by E. D. Daniel  and P. E. Axon of the Br i t i sh  Broadcast ing 

Corpora t ion  in 1950. 

considerably s ince  then, the mathemat ica l  der ivat ions relat ing to 

pr int- through a r e  genera l  enough in na ture  to be applied to p re sen t  day 

tape design.  The r e p o r t  i s  printed in i ts  en t i re ty  in the Appendix. 

An approximate  ana lys i s  of this der ivat ion shows that the ra t io  of 

pr in ted  to r eco rded  magnetization should f i r s t  r i s e  with frequency 

a t  approximate ly  6db pe r  octave,  r e a c h  a maximum,  and then 

d e c r e a s e  rapidly as the frequency is r a i s e d  s t i l l  f u r the r .  

f requency ,  the pr in t  level  should d e c r e a s e  exponentially with dis tance 

between l a y e r s ,  the attenuation per l aye r  being proport ional  to the 

f r e quenc y . 

Even though magnet ic  tape design has  advanced 

At a given 
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New techniques a r e  being developed for w i n g  magnet ic  tape withstand 

higher environmental ,  mechanical  and e l e c t r i c a l  s t r e s s e s .  A r e p o r t  

by the U. S. A r m y  Elec t ronics  Resea rch  and Development Labora tory  

ana lyzes  p re sen t  day magnetic tapes fo r  dimensional  s tabi l i ty  when 

subjected to ex t r eme  environmental  conditions.  

new tapes being developed a r e  included in the discussion.  

polyester  base  i s  d i scussed  r igorously,  the r e p o r t  is  included in 

the  Appendix as a supplement  f o r  both the Complete  Storage Media 

and  Archival  Base  Mater ia l  sect ions.  

Resul t s  of some  

Since the 

2. Photographic Glass Disks 

Photographic glass is a highly t r anspa ren t ,  amorphous 

( o r  non crys ta l l ine)  m a t e r i a l  that is  r ig id  at o rd ina ry  t empera tu res  

and  me l t s  at about 2 ,  600F.  

but  becomes sol id  because  i ts  viscosity i n c r e a s e s  progress ive ly  

to infinitely high values a t  ordinary t e m p e r a t u r e s .  

G l a s s  has  no definite f reez ing  point 

G las s  for  photographic plates  is of the soda- l ime type. 

glass-making consti tuents - soda, l ime  and s i l i ca  - a r e  melted 

at high t empera tu res  in enclosed r e f r a c t o r y  furnaces  o r  tanks.  

The  shee t  is  f o r m e d  a t  the sur face  of the m e l t  and the g lass  is drawn 

f r o m  the fluid me l t  in a wide,  continuous, flat, c l e a r  shee t  by 

mechanized drawing equipment which controls  the width, thickness , 

and o ther  physical  cha rac t e r i s t i c s  of the shee t .  

d rawn shee t  a r e  produced a s  a br i l lan t  f i re -pol i sh  as the shee t  is  

being formed.  

The main  

The su r faces  on the 
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The g lass  shee t  solidifies a s  a supercooled l iquid,  and a crys ta l l ine  

s t r u c t u r e  is prevented f r o m  forming by the infinitely g r e a t  v i scos i ty  

of the mater ia l .  F o r  this r eason ,  photographic g lass  has  no g ra in  o r  

molecular  or ientat ion.  The final shee t  i s  highly t r anspa ren t ,  f la t ,  

s t rong ,  and  f r e e  of s t r a in .  
c 

Photographic plates  have s e v e r a l  emulsion o r  gelatin l a y e r s  which 

f a i r ly  readily abso rb  and r e l e a s e  wa te r .  

conditions,  and the i r  l a t e r  t r ea tmen t  and p rocess ing ,  the gelatin 

l a y e r s  exhibit a s t rong  tendency to expand o r  con t r ac t  with changes 

in  re la t ive  humidity.  

Depending on the init ial  

These  fo rces ,  in the c a s e  of f lexible suppor t s ,  give r i s e  to tensions 

o r  compress ions  between the base  and gelatin l a y e r s  which, in 

tu rn ,  can  cause dimensional  changes because  the b a s e  cannot r e s i s t  

the s t r e s s .  In the c a s e  of photographic p l a t e s ,  however ,  the base  i s  

inherent ly  ve ry  s t rong  and has  a ve ry  high yield point. The emulsion 

and gelatin l a y e r s  a r e  bonded f i rmly  to the g l a s s  b a s e ,  and thus 

a r e  prevented f r o m  expanding o r  contract ing.  In tu rn ,  the high 

s t r eng th  of the g l a s s  base  i s  capable of completely r e s i s t i ng  the 

tens i le  o r  compress ive  fo rces  exe r t ed  by the emuls ion  o r  gelatin 

l a y e r s  which would otherwise lead to dimensional  changes.  

Since 

it changes only in accordance  with the 

of expansion of the g l a s s .  

swel ls  ver t ica l ly ,  but o ther  dimensional  changes a r e  r e s  t ra ined  

photographic emulsion is f i r m l y  at tached to a g lass  b a s e ,  

t e m p e r a t u r e  coefficient 

During p r o c e s s ,  the wet  emulsion l aye r  
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as outlined above. 

of the l aye r  r e m a i n  essent ia l ly  unchanged, but the ve r t i ca l  dimension 

m a y  v a r y  according to the t rea tment .  

not  change dimension independently of its g lass  base .  

During the drying p rocess  the lateral dimensions 

The rea f t e r ,  the l aye r  does 

Photographic g lass  has  a useful t r ansmiss ion  f r o m  approximately 

350 mi l l imicron  wavelength in the ul t raviolet  region of the s p e c t r u m  

to the 2, 500 mi l l imicron  wavelength in the in f r a red  region.  Except  

f o r  s o m e  absorpt ion a t  900 mi l l imicrons ,  the t r a n s m i s s i o n  i s  in  

excess  of 85 percent  throughout this  wave -length region. 

3 .  Photographic F i l m  in Reels  

T h r e e  different m a t e r i a l s  w e r e  cons idered  fo r  

u s e  in a rch iva l  s to rage  which could be bonded to a polyester  base .  

The materials a r e  s i l ve r  halide emulsion,  Kalvar  and Diazo. They 

wil l  be d iscussed  l a t e r  in detail .  

Init ially,  two p a r a m e t e r s  must  be considered in  the study of 

var ious  f i l m s ,  along with the var ious  environmental  c h a r a c t e r i s t i c s .  

They a r e  the s p e c t r a l  t ransmi t tance  and con t r a s t  c h a r a c t e r i s t i c s .  

Spec t ra l  t ransmi t tance  wi l l  not be d iscussed  in g r e a t  de ta i l  s ince ,  

obviously,  the f i lm and the  light sou rce  exposing i t  m u s t  l ie  in the 

s a m e  well-defined a r e a  of the s p e c t r u m  for  opt imum energy  t r a n s -  

mit tance.  

indicating the s p e c t r a l  - t ransmit tance proper t ies .  

Comment  wi l l  be made in the d iscuss ion  of each  m a t e r i a l  

Cont ras t  in f i l m  technology is r e f e r r e d  to a s  the sens i tome t r i c  
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p rope r t i e s  pertaining to t h e  response  of the f i lm in t e r m s  of the 

deg ree  of blackening, o r  optical  densi ty ,  of the developed image 

produced a s  a r e su l t  of exposure to radiat ion.  

The bes t  method of present ing sens i tome t r i c  data  is with the 

cha rac t e r i s t i c  curve .  

v e r s u s  the logarithm of the exposure .  

by subjecting the photographic m a t e r i a l  to a s e r i e s  of exposures ,  

each  g rea t e r  by a constant fac tor  than the preceding exposure ,  and 

then processing the m a t e r i a l  and reading the resu l tan t  dens i t ies  with 

a dens i tometer .  

the logari thm of the exposure which produced that densi ty ,  a cu rve  

can  be drawn through the points s o  plotted. 

"charac te r i s t ic  curve"  shown in F igure  4. 

This  i s  a plot of the r e sponse ,  opt ical  densi ty ,  

Such a curve  i s  obtained 

When the density of each  deposi t  is plotted aga ins t  

This  cu rve  is the 

NOTE: 

this curve and a B-H curve  of magnet ic  m a t e r i a l s .  

This would indicate that the s a m e  cons idera t ions  

would be made in select ion of e i ther  photographic f i l m  o r  

magnetic tape ,  depending on the type data  being r eco rded .  

F o r  example,  in the record ing  of digi ta l  data  a high 

cont ras t  m a t e r i a l  would be se lec ted  fo r  f i l m ,  and 

a magnetic m a t e r i a l  for  magnetic tape would be 

selected which would r equ i r e  a re la t ive ly  s m a l l  

magnetic field fo r  p rope r  molecular  or ien ta t ion ,  

both curves being prac t ica l ly  ident ical  in f o r m .  

One should notice the s t r ik ing  s imi l a r i t y  between 
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Density is  defined a s  the logar i thm of the opacity of the deposi t .  

Density i s  derived as follows: 

T ransmi t t ed  Light 
T ransmiss ion  = 

Incident Light 

Since the opacity is  low if the t r ansmiss ion  i s  high, and vice v e r s a  

Opacity (0) = 
1 

Transmiss ion  (T)  

and 

1 Density (D)  = log 0 = log - 
T 

In sens i tomet ry ,  the t e r m  "exposure"  r e f e r s  to the total  amount of 

luminous energy which a c t s  on the photographic ma te r i a l .  

usually expressed  in m e t e r  -candle - seconds ;  the logar i thm of the 

exposure  in m e t e r  -candle -seconds i s  used in plotting the c h a r a c t e r  - 

i s t i c  cu rve .  

I t  i s  

The s lope ,  o r  gradient ,  a t  any p a r t  of the curve  indicates  how 

rapidly the density changes with cha-es in exposure .  

i ts  genera l  shape, the c h a r a c t e r i s t i c  cu rve  can  be divided into 

th ree  distinct reg ions ,  a s  follows: 

Because  of 

TOE - F o r  exposure  l e s s  than tha t  a t  A ( F i g u r e  4), no image 

density resul ts  upon development.  

fog") is the density of the base  o r  emulsion suppor t  plus fog densi ty  

produced in development. 

exposure  which will  produce densi ty  above fog. 

region) , the slope o r  grad ien t ,  i n c r e a s e s  with inc reas ing  exposure .  

The densi ty  a t  A (known as I tgross  

The point A r e p r e s e n t s  the threshold  

F r o m  A to B ( the  toe 
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STRAIGHT-LINE - The portion of the cu rve  f r o m  B to C 

is the range  where in  the gradient i s  constant  and the dens i ty  i n c r e a s e s  

as a d i r e c t  o r  l inear  function of the logari thm of exposure .  

record ing  of analog information on f i lm ,  i t  is e s sen t i a l  that  the 

exposure  be placed on the s t ra ight- l ine portion of the c h a r a c t e r i s t i c  

cu rve .  Also ,  to reduce gra in iness ,  the exposure  range  should be 

held as low on the s t ra ight - l ine  portion as possible .  

In 

SHOULDER - Above C ,  the region of overexposure ,  the 

grad ien t  of the curve  d e c r e a s e s  fo r  fu r the r  i n c r e a s e s  in exposure .  

Eventually,  the cu rve  becomes horizontal ,  with exposure  differences 

no longer record ing  as densi ty  differences.  The densi ty  of the h o r i -  

zontal  p a r t  of the curve  is usually noted a s  D max. 

GAMMA - The s lope of the straight-line port ion of the 

c h a r a c t e r i s t i c  curve  is designated a s  "gamma ( 3). The numer i ca l  

value of gamma is defined as the tangent of the angle made with the 

exposure  ax is .  

c o n t r a s t  and depends par t ly  on the cha rac t e r i s t i c s  of the emulsion 

and par t ly  on the deg ree  of development. 

Gamma s e r v e s  a s  a convenient method of express ing  

Si lver  halide emulsion has  been used  for  many y e a r s .  

we l l  preser-d phatographs today, taken by Daguerre  as e a r l y  a s  1847, 

which indicate the length of life of the s i l ve r  emulsions with r e s p e c t  

to opaci ty  and permanency.  This i s  due,  no doubt, to the me ta l i c  

na tu re  of the image formihg elements  in  this m e d i a .  Si lver  halide 

T h e r e  a r e  
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emulsions may be obtained in both n o r m a l  and high con t r a s t  g rades .  

The normal  grade  yields a good g ray  s c a l e  with a log 1.0 dens i ty  range  

for  recording analog information with t r u e  photographic quality. A 

high contrast  g rade  will  give a s h a r p e r  defined black and white boundary 

and i s  the  type used for  microf i lming documents and r e c o r d s .  This  

l a t e r  grade is m o r e  sui table  for  record ing  of digital  bits  s ince  i t  i s  

capable of higher s igna l - to-noise ,  l ight to  da rk ,  ra t io .  The s p e c t r a l  

t ransmi t tance  of the s i lver  emulsion is not confined to one pa r t i cu la r  

a r e a .  Different type f i lms  have different s p e c t r a l  cu rves ,  each  cove r -  

ing i ts  own par t icu lar  a r e a .  

Kalvar requi res  a high intensity ul t raviolet  l ight for  exposure.  

Images a r e  fo rmed  by a chemica l  change in a thin l aye r  coating on 

exposure.  This  image is made up of minute sphe r i ca l  bubbles r a t h e r  

than s i lver  par t ic les .  These  bubbles d i s p e r s e  t r ansmi t t ed  light instead 

of absorbing it but produce a s i m i l a r  type of image in project ion.  

Kalvar is p r imar i ly  a high cont ras t  m a t e r i a l  intended to  maximize  the 

difference between light and d a r k  a r e a s .  Its sui tabi l i ty  to  the r e p r o -  

duction of gray sca l e  values i s  poor s ince  the diffusion effects of the 

Kalvar a r e  not a s  effective a s  the absorbt ion effects of the s i l ve r  

emulsion. The chemica l  cen te r s  a r e  developed by d i r ec t  application 

of i n f r a red  to expand them into small uniform bubbles,  

The Diazo ma te r i a l  a l so  r equ i r e s  high intensi ty  ul t raviolet  light f o r  

exposure.  Images a r e  formed in the s u r f a c e  of the base  m a t e r i a l  by 

dye impregnation r a t h e r  than in a coating of emulsion.  

forming  element is a dye nucleus considerably s m a l l e r  than the s i l ve r  

gra in  o r  the Kalvar bubble. 

The image  

The dye image  a c t s  in a s i m i l a r  manner  
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to the s i l ve r  image under projection and viewing, however ,  i t  is  

considerably m o r e  t r anspa ren t  to the in f r a red  wavelengths.  

images  a r e  pr inted by exposure to ul t raviolet  light. 

intended f o r  high con t r a s t  and is not ideally su i ted  to t r u e  p r e s e n t a -  

t ion of g ray  sca l e  values s ince  the dye is absorbed  at a constant  densi ty .  

Diazo 

The image is 

F u r t h e r  d i scuss ion  i s  requi red  on environmental  and dimensional  

s tab i l i ty  of photographic f i lm when an  emulsion i s  bonded to the 

polyester  b a s e s .  Kodak handbooks have many tables  and graphs of 

c h a r a c t e r i s t i c s  of f i lm when subjected to t empera tu re  different ia ls  

of 50 F and changes of 5070 R H  which indicate that c a r e  m u s t  be taken 

in s to rage  of f i lm to be able to  re ta in  dimensional  s tabi l i ty .  

t empera tu re  and humidity a r e  controlled,  photographic f i lm is ve ry  

s tab le .  An example i s  cited of E s t a r  base  film where  the t e m p e r a -  

t u r e  and RH a t  t ime  of exposure was 90 F and 6O0/O0. 

pr int ing the t empera tu re  was changed to 70 F and 5070 RH. 

s i z e  change due to change in t empera tu re  and change in RH was 

-0. 009%. These  measu remen t s  w e r e  made in 35 m m  X 10-inch 

spec imens .  Since the photographic f i lm  was  a polyester  base ,  above 

c i ted ,  the dimensional  changes due to t empera tu re  and RH m u s t  be 

cons idered  in analyzing magnetic tape s ince  both photographic film 

and magnetic tape use the s a m e  base .  

0 

If 

0 
At the t ime of 

0 
The net  

C .  Investigation of Recording and Reproducing Techniques 

Associated with Storage Media 

Work was d i rec ted  toward the var ious methods and problems 

of record ing  and reproducing as assoc ia ted  with the t h r e e  different 
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c 

s to rage  media.  

1. Photographic Disk 

Some work  has  been done in the  a r e a  of 

record ing  information in a digi ta l  fo rma t  on a d i sk  f o r  u se  in a rch iva l  

s to rage  [ 41 utilizing an  e lec t ron  beam. A s to rage  densi ty  of 10 

has  been attained. The method used ,  however ,  would not be d i r ec t ly  

appl icable  to our  problem because of the requi rement  t o  r e c o r d  seven  

da ta  t r a c k s  simultaneously.  To  maintain the s a m e  t i m e  re la t ionship  

between each t r a c k  r equ i r e s  that  a l l  t r a c k s  be r eco rded  on the s a m e  

disk.  This  would be difficult physical ly  to  locate  seven  e lec t ron  

beam r e c o r d e r s  on one disk.  If each  da ta  t r a c k  was r eco rded  on a 

sepa ra t e  disk, not only would the t iming between d i sks  on playback 

be a difficult p roblem but also, the  volumetr ic  efficiency would go 

down considerably.  Another problem of e lec t ron  beam record ing  is 

the requi rement  fo r  a demountable vacuum sys t em.  

assumption should be made  then, that  all seven  t r a c k s  would be r eco rded  

on the  same disk.  

6 
b i t s / c m  

The bas i c  

F i r s t  of a l l ,  calculat ions w e r e  made  to de t e rmine  

how many bits a r e  s to red  on an  analog tape .  

long and 0.5 inches wide,  then the tape  h a s  14,400 in. 

F u r t h e r ,  i f  the  tape speed is 120 in . / s ec . ,  the  f requency is 500kc, and 

f r o m  information theory ,  we can define 

a minimum of two b i t s ,  then 

If the  tape  is 2400 feet  
2 

for  s to rage  

one per iod of a s ine  wave with 

Bit Size = (120) = 0.120 m i l s  
(500) lo5  ( 2 )  

in the longitudinal direct ion.  
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Regard less  of each t r a c k  width, the to ta l  width of the  tape mus t  be 

considered in volumetr ic  efficiency; t he re fo re ,  each  t r a c k  would be 

approximately 70 mils wide,  s o  the to ta l  a r e a  p e r  t r a c k  pe r  bit would 

be 8.4 mills /b i t .  
2 

The to ta l  s torage  p e r  t r a c k  would then be 

ru 8 = 2.45 X10 b i t s / t r a c k  
14,400 

(8.4) (7) 
Total  Storage = 

F o r  record ing  analog da ta ,  the record ing  on the d isk  

would be made  with a continuous motion t r anspor t ;  t he re fo re ,  each  

t r a c k  r eco rded  f r o m  magnet ic  tape would have i t s  own sect ion on the  

d isk ,  i.e. t h e r e  would be seven  sepa ra t e  sect ions on a disk.  Following 

are  calculations made  to  determine the  s i z e  d isk  needed t o  s t o r e  all 

the information f r o m  one r e e l  of analog magnet ic  tape.  

sect ion of the d isk  the recording would begin at the ou te rmos t  edge 

and p r o g r e s s  inward in  a s p i r a l  fashion, Let us  a s s u m e  a cathode- 

r a y  tube (CRT) is used as the light sou rce ,  and a spot s i z e  of 0.25 

mils is generated.  F u r t h e r ,  after making a complete  revolution 

the  spot will  be displaced inward 1.5 mils rad ius  f r o m  its or ig ina l  

sett ing.  The  bit densi ty  will  obviously be g r e a t e s t  n e a r  the center  

of the d isk  and d e c r e a s e  as we move outward so calculations a r e  

made  for  the  bit densi ty  in  each sect ion p rogres s ing  f r o m  the cen te r  

outward,  a l s o  the bit density remains  the s a m e  f r o m  the inner  rad ius  

to  the outer  rad ius  of each  section. 

sec t ion  n e a r e s t  the  center  would be 

Within each  

The a r e a  pe r  bit in the first 

2 
(0.25)(1.5) = 0.375 mills /bi t  

8 
and i f  2.45 X 10 bits m u s t  be s t o r e d  p e r  sect ion,  then,  

8 2 
(2.45)lO (0.375)10-6 = 91.875 i n  

a r e a  is requi red  for the f i r s t  sect ion.  
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Now the ar 'ea  of the sect ion can  be defined a s  

where  A is the a r e a  of one sect ion and s i s  the dis tance 

between bits.  

r e q u i r e  0.5 in. radius .  Then 

Let us  a s s u m e  the hub on the disk will  

L f (0.5)2 
2 

r 2  
and 91.875 = 

r = 5.431 inches 
2 

Since 8 i s  h e  only constant and s = r 8 then 

0.25 m i l s  
0.5 in. radius  

8 =  = 0.5 mi l l i r ad ians  

If we a s sume  no gaps between sect ions then the bit densi ty  for the second 

sect ion will  be 

S (5.431)(0.5) = 2.715 mils 



WDR- 96 - 3 
Page  3-25 

The a r e a  pe r  bit in the second sect ion wil l  be 

2 (1.5)(2.715) = 4.073 m i l s  /b i t  

and 
8 2 

(2.45)lO (4.073) = 997.885 in 

is the a r e a  r e q u i r e d f o r  the second sect ion.  The  

inner  rad ius  for  the th i rd  sect ion i s  

2 2 /  2 997.885 = r r 3  - n5.431)  - / / ( 0 0 5 )  

r = 18.638 inches 
3 

One does not have to  proceed  fur ther  to  show that  we 

wi l l  have a huge d isk  to  s t o r e  all seven  t r a c k s  of magnet ic  tape.  

Let us  go back and examine the definition for  d i s tance  between bits 

m o r e  closely.  

the  l a r g e r  the angle 8 will  be if s is held constant.  

then to  d e c r e a s e  the angle 8 by s ta r t ing  the record ing  f a r t h e r  away 

f r o m  the cen te r .  The question then i s  how fa r  th i s  d i s tance  should 

be. 

8 ,  t he re fo re  it would s e e m  that  we have a function s i m i l a r  to  an  

equi la te ra l  hyperbola where  we asymptot ical ly  approach  some  con- 

s tan t ,  th i s  constant being a function of the CRT spot s i ze .  

would indicate that a relationship could be der ived between the inner  

and outer  r ad i i  of a sect ion,  where the bit densi ty  r a t io  would approach 

1 for  opt imum packing density.  If we again examine the d i ag ram,  then 

The n e a r e r  t o  the center  of the d isk  we begin record ing  

The thought occur s  

The spot s i z e  of the CRT must  be considered as we d e c r e a s e  

This  

2 2 
A = r ( r 2  - r ) 

1 
and 

s = r P  
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2 

2 ) 
1 

8 

5 
s o  2 

A = I T  (-- - 
2 

2 
S 

8 

2 
1 5 

2 AB' t -- - 
2 lr 

S 

2 
AB 

2 1 lr 
Where C = -  

Now to  de te rmine  the opt imum r a t i o  

1 
ds  5 

ds  
2 =  1 

ds  5 
2 =  

dsl q s l d  t c1 

and as s becomes l a r g e r  we  have 
1 

S 2 = 1  ds  - 
= 1  

w h e r e  

2 
1 '  

c << s 
1 

2 > locl, 
C can  be neglected when s = 1 1 

the re fo re  

and by substi tution, 

s = 1 . 0 4 9 ~ ~  
2 

o r  r = 1.049rl 
2 

2 and 

1 
A = O. l . r r r  
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If we aga in  make  the s a m e  assumptions f o r  spot s ize  and bit s to rage  

as  before ,  then 

8 2 
(2 .45 ) lO  (0 .  375) = 9 1 . 9  in 

a n d A  = 0 . 1  r 
2 

1 

1 9 1 . 9  r = - 17.09 in. 1 0. 1 ,,-;' 

r = 1 .049  r l  = 17.93  in .  
2 

In looking back at the init ial  calculations on the  d i s k  one obse rves  

that  the r a t i o  between r and r was  10 .862 ,  and 3 .432  between r 

and  r w h e r e a s ,  in the latter der ivat ion the r a t io  r e m a i n s  constant .  
2 1 2 

3' 

Our conclusion is p rope r  then, that  we have opt imized bit densi ty  

To proceed ,  if the previous assumptions a re  made  that  t h e r e  a re  

no gaps between sec t ions  and  the bit densi ty  r e m a i n s  the s a m e  f r o m  

the inner  to  outer  rad ius  on each sect ion,  p rog res s ive  calculations 

are made  f o r  each  sect ion outward to  de t e rmine  the d i a m e t e r ,  o r  

f o r  a f irst  approximation,  the d i ame te r  of the d isk  to  r e c o r d  7 t r a c k s  

of magnet ic  tape  wil l  be 

7 d = ( 2 )  (1 .049)  (17 .09)  

d = 47. 8 in 

Since we a r e  in t e re s t ed  in volumetr ic  efficiency in the f inal  r e s u l t ,  
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le t  us a s s u m e  the d isk  is 0 .  250 inches in th ickness ,  then 

2 V = 0.  250 [71 ( 2 3 . 9 )  ] 

V = 448 inches 
3 

The volume of a s tandard  magnet ic  tape  i s  

2 
V = 0 . 5  [ iU  (5 .  2 5 )  ] 

V = 4 3 .  3 inches 
3 

Then the volume fo r  s to rage  would have to  be inc reased  instead of 

dec reased  by a considerable  deg ree .  T o  take  advantage of the ex -  

cellent environmental  c h a r a c t e r i s t i c s  of g l a s s  investigation should 

be made  to gene ra t e  a s m a l l e r  spot s i ze ,  however ,  th i s  develop- 

ment  would take t ime  and would not fulfill the immedia te  needs of 

GSFC. 
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2. Magnetic Tape Recording and Reproducting 

Some of the  new investigations in magnet ic  tape r e c o r d -  

ing indicates  that  higher o r d e r  bi t  packing dens i t ies  a r e  possible  [ 51 

[ 61.  One method u s e s  envelope orthogonal s ignals  t o  encode binary 

da t a  during the recording p rocess ,  and matched filters a r e  used  to  

r e c o v e r  these  s ignals  during playback. Using a longitudinal i n s t ru -  

mentat ion tape r e c o r d e r ,  packing dens i t ies  as high as  5000 bpi with 

e r r o r  r a t e s  on the o r d e r  of one p a r t  in l o 8  can be achieved.  

o ther  method u s e s  vestigial-sideband phase  modulation and synchronous 

detect ion techinques.  A l so  using a longitudinal tape  r e c o r d e r ,  pack- 

ing dens i t ies  of 5000 bpi w e r e  achieved, and extrapolat ing f r o m  r e -  

su l t s  1 0 , 0 0 0  to  2 0 , 0 0 0  bpi could be r eco rded  on avai lable  r e c o r d e r s .  

These  methods ,  however ,  a r e  concerned mainly with digi ta l  information 

and  cannot be applied d i rec t ly  to the problem at hand. 

The  

In searching  fo r  a method of recording analog da ta ,  where  we a r e  

effectively making a n  analog-to-analog conversion to  inc rease  the 

volume t r i c  efficiency, the requi rement  of 500 kc bandwidth in each  

channel m u s t  be kept in mind.  

Suppose,  f o r  example,  a scanning system could be used where  a 

scanne r  would electronical ly  sample and ro ta te  through each  channe 

and  genera te  one composi te  waveform which could be r e c o r d e d  on 

magnet ic  tape ,  Th i s  sys t em would be analogous to  the PAM sys t em 

used in t e l eme t ry .  Again,  as  stated e l sewhere  in the r e p o r t ,  if one 

per iod  of a s ine wave could be defined with two s a m p l e s ,  then a 

sample  m u s t  be taken once each microsecond in each  channel.  

s a y s  that  the scanne r  rnust,  s tar t ing with channel 1 ,  s ample  t h r u  

This  



WDR-96-3 

I P a g e  3-30 

channel 7 and r e t u r n  to channel 1 f o r  the second sample  in 1 m i c r o -  

second.  The m a x i m u m  t ime  allotted f o r  e a c h  channel would be 

approximately 143 nanoseconds.  

i s  made  for r i s e  and f a l l  t ime  and d isappearance  of ringing in  the c i r -  

cui t ry  involved, the t ime  remaining fo r  the  ac tua l  s ample  would be 

43 nanoseconds.  Because of the sho r t  t i m e  of the sample ,  the com-  

mutation and recons t ruc t ion  of each  channel,  the use  of th i s  method 

would be highly questionable i f  the specification for  a n  absolute  a c c u r -  

acy of * l ,  0 percent  f o r  analog s y s t e m  is to  be maintained.  

cer ta inly beyond the p re sen t  s ta te  -of - the -a r t  f o r  high- speed s c a n n e r s  

and could not be immediately uti l ized by GSFC. 

If allowance of 100 nanoseconds 

It is 

A feasible method fo r  multiplexing seven  channels would be a frequency 

division sys t em,  o r  a n  FWFM s y s t e m  a s  s imi l a r ly  used in space  

te lemet ry .  F igu re  5 shows the block d i a g r a m  of such a s y s t e m .  

Information i s  applied by frequency modulating each  s u b - c a r r i e r  

osci l la tor  (SCO) by the appropr ia te  channel.  

f requency.  A l l  SCO outputs a r e  s u m m e d  together  a t  the .mixer  

ampl i f i e r ,  and the composi te  waveform i s  appl ied to  the video tape  

r e c o r d e r .  In  the playback mode ,  the output f r o m  the video tape 

r e c o r d e r  is  applied to  the band-pass  f i l t e r s  ( B P ) ,  which sepa ra t e  the 

composite waveform into the each  individual unique f requency .  

sub -ca r r i e r  d i sc r imina to r s  (SCD) and  low-pass  f i l t e r s  (LP) then r e -  

cons t ruc t  each  channel f requency  as or iginal ly  applied by the in s t ru -  

mentation tape r e c o r d e r *  

E a c h  SCO has  a unique 

The  

Since a sys tem of th i s  type i s  complex when viewed microscopica l ly ,  

only a qualitative d iscuss ion  will  be made  of e a c h  block to  obtain a 

gene ra l  understanding of the ove ra l l  s y s t e m  concept.  
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Figure  5 Frequency Multiplexing Sys t em 
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The SCO i s  a voltage-controlled osc i l la tor  of the relaxt ion type,  where  

the osci l la tor  f r e e - r u n s  at some nominal f requency  when 0 volts is 

appl ied t o  its input, and will  deviate l inear ly  f r o m  that  nominal f requency 

a s  a function of the input applied voltage when changed f r o m  0 volts.  

The problem then is: a t  what nominal f requency  should e a c h  SCO ope ra t e ,  

and how fa r  should it deviate f r o m  i t s  nominal f requency with maxi -  

m u m  applied voltage a t  the input? Without getting involved in  f requency-  

modulation theory and a l l  of i t s  ramif ica t ions ,  such  a s  Besse l  equat ions,  

one important definition can be used .  This  i s  the modulation index. 

. .  . .  F r e  a ue n c v de via t io n Af - -  - 

m 
f 

M = modulation index = 
f Modulating frequency 

A useful ru le ,  a l s o ,  as  taken f r o m  T e r m a n ' s  textbook Elec t ronic  

and  Radio Engineer ing,  i s  that  a frequency-modulated wave contains 

sideband components of importance on e i ther  s ide of the c a r r i e r  

wave over a frequency in te rva l  approximating the s u m  of the frequency 

deviation and the modulating frequency.  

nominal  osci l la tor  f requency m u s t  opera te  wel l  above the input 

f requency which is 5 0 0  kc.  

ope ra t e s  at  some  d i sc re t e  in te rva l ,  and these  in te rva ls  a r e  a s t a i r -  

s t ep  function, the uppermost  f requency mus t  not exceed  the upper  

bandwidth capabili ty of the video tape r e c o r d e r .  

width is a s sumed  to be approximately 10  m c ,  judging f r o m  spec i -  

f icat ions of off the -shelf  ha rdware  and development of th i s  capa-  

bility in  the nea r  future .  

This  indicates  that  the 

The thought o c c u r s  then,  if  e ach  SCO 

An upper band- 

Without proceeding laboriously through Besse l  functions,  a modu- 

lation index of 0 4 will be a s s u m e d ,  based  on the bandwidth capa-  

bil i t ies of the video tape r e c o r d e r ,  the m a x i m u m  output s ignal  

voltages f r o m  each  channel of the ins t rumenta t ion  tape  r e c o r d e r  
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of one volt, and the 500 kc response r equ i r emen t .  Then,  

3 
= (500) 10  (0.4) = 200 kc m Mf 

4 f  = f 

F u r t h e r ,  if we a s s u m e  the channel 1 SCO nominal f requency at 2. 0 

m c ,  then channel 2 would operate  nominally at 3.4 m c ,  channel 3 at 

4.8 m c ,  e t c . ,  t o  channel 7 operating nominally at 1 0 . 4  m c .  E a c h  

of the seven channels would then be applied s imultaneously to  the 

individual SCO, the  outputs a l l  being summed  together  and applied 

to  the mixe r  ampl i f i e r .  

The  purpose of the m i x e r  amplif ier  is twofold: (1)  P r o v i d e s  l inear  

summing of the seven s u b c a r r i e r  o sc i l l a to r s  resul t ing in a frequency 

division composi te  output, and ( 2 )  provides  the n e c e s s a r y  output t o  

d r i v e  the video r e c o r d e r .  It is necessa ry  that  the m i x e r  ampl i f ie r  

exhibit the  following proper t ies :  (1) Low dis tor t ion  in o r d e r  to 

minimize  generat ion of harmonics  and cross -modula t ion  f requencies ;  

( 2 )  uniform frequency response  sufficient t o  p a s s  the s u b c a r r i e r  f requen-  

c i e s  used;  ( 3 )  sufficient and adjustable gain to  adequately provide the 

p r o p e r  input t o  the video tape  r e c o r d e r .  

Two different  types of video tape r e c o r d e r s  a r e  ,in use cur ren t ly .  

The  types differ in the  principle of the rotating head concept.  

cause of the high bandwidth requi rement  f o r  record ing  video s igna ls ,  

r e so lu t ion  of magnet ic  tape  to  r eco rd  high f requencies  is a problem.  

T h e  s to rage  densi ty  p r e s c r i b e s  a cer ta in  min imum speed  fo r  the 

tape- towards-head  motion,  e .  g .  f o r  record ing  video s igna ls  the 

re la t ive  head-to- tape speed would be 1600 ips .  

rotat ing head pr inciple  was introduced by Ampex in 1955. 

des ign  the re  a r e  four  heads operating a l te rna te ly  and moving perpen-  

Be-  

The concept of the 

In th i s  
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d icu lar  to the  d i rec t ion  of tape t r ave l .  

the re lat ive head-to- tape speed  r equ i r emen t  can  be  m e t .  

W e s s e l s  and B a c k e r s  of the Phi l ips  R e s e a r c h  L a b o r a t o r i e s ,  Eindhoven, 

Nether lands,  developed another  vers ion  of the high-speed revolving 

head in which only one head is used in a n  orb i t  a l m o s t  pa ra l l e l  with 

the direct ion of t ape  t r ave l  [ 71 

the tape  which i s  wound for  j u s t  one comple te  t u r n  ove r  a d r u m .  

Perpendicular  t o  i t s  a x i s  the d r u m  is spl i t  into two ha lves  with a gap  

in between, where  the video head ro t a t e s .  A single  revolution of the 

head co r re sponds  t o  one TV f r a m e ,  r eco rded  as a t r a c k  of about one 

m e t e r  and making a n  angle  of 3 O  with the d i rec t ion  of tape  t r ave l .  It 

is  c l e a r  then, that  in the s y s t e m s  jus t  ment ioned,  with a moving head 

and where  the  single t r a c k  i s  consequently cut  into a number of p i eces  

which a r e  grouped together  in s o m e  geographical  way,  a spec ia l  

synchronism h a s  t o  be maintained f o r  the two mot ions .  

precaut ions a r e  n e c e s s a r y  to  guarantee  a constant  tape s t r a i n .  

var ia t ion in tape  length cannot be compensa ted  by a var ia t ion  in tape  

speed because the scanning p r o c e s s  has  a r e f e r e n c e  t o  the  constant  

length of the path of the heads .  

Rotating at a high rate of speed ,  

In 1958 , 

This  i s  obtained b y  helically scanning 

Moreove r ,  

A 

To achieve a high packing densi ty  p e r  unit a r e a  one obvious way i s  

to  r e c o r d  the t r a c k s  together  a s  c lose  a s  poss ib le .  However,  the 

p rvb lem of c ros s t a lk  becomes  significant as the d is tance  between 

t r a c k s  is  dec reased  One method designed f o r  record ing  video with 

a s m a l l  distance between t r a c k s  and minimiz ing  c ross t a lk ,  op. c i t . ,  

s t a t e s  that each  t r a c k w i l l  contain exact ly  one p ic ture  f r a m e  of in- 

format ion  During r eco rd ing ,  the rotat ion of the d i s c  i s  synchronized 

with the picture f r a m e s ,  the phase  being set  s o  that  the flyback coin-  

c ides  exactly with the moment  at which the r eco rd ing  head moves  
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f r o m  the end of one t r a c k t o  the beginning of the next.  

conditions then,  adjacent  points of neighboring t r a c k s  will  a lways 

r e p r e s e n t  prac t ica l ly  the s a m e  p a r t  of a p ic ture  and hence the s a m e  

br ightness  level  with a very  smal l  incrementa l  change in information.  

The  c r o s s t a l k  between t r a c k s  is then virtually e l iminated.  

however ,  apply th i s  type of recording t o  our  p re sen t  p rob lem.  

frequency s p e c t r u m  we m u s t  r eco rd  i s  much  b r o a d e r ,  i .  e .  2 to  10 m c  

as  opposed to  TV recording of 5 t o  7 m c ,  and s ince the informat ion  

f r o m  the instrumentat ion tape r e c o r d e r  is random in na ture  and 

changing rapidly,  two adjacent  t r a c k s  on the  video r e c o r d e r  would 

necessa r i ly  have a l a rge  incrementa l  change in information; there.-  

Under these  

We cannot,  

The  

f o r e ,  separa t ion  between two adjacent t r a c k s  mus t  be main ta inedto  

prevent  the  p rob lem of c ros s t a lk  occuring.  One added note: inquir 

about th i s  type of r e c o r d e r  disclose that ,  in the United S ta t e s ,  the 

upper bandwidth is 3 to 4 mc for the p re sen t  s ta te -of - the-ar t  mach  

e s  

ne 

T o  achieve a 10 m c  bandwidth would be ,  it s e e m s ,  s e v e r a l  y e a r s  in 

the offing. 

Of the two different  type r e c o r d e r s ,  the a l te rna t ing ,  rotating head 

type video r e c o r d e r  would be the m o r e  des i rab le  f o r  our  s y s t e m .  

Special  attention should be given to  the synchronism p rob lem be-  

cause  of the longitudinal and ver t ical  speeds  to be maintained.  Two 

adjacent  t r a c k s  should a l s o  be sepa ra t ed  to  prevent  c r o s s t a l k  between 

t r a c k s  

On playback, the B P  f i l t e r s  operate  in the i r  respec t ive  channels ,  

each  one pass ing  the band of f requencies  produced f r o m  the SCO 

of that pa r t i cu la r  channel in the record ing  mode .  

m u s t  be given to  the problem of phase  sh i f t .  

P a r t i c u l a r  attention 

The t ime relat ionship 
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cannot be maintained between channels  if p rope r  des ign  is not achieved.  

The output f r o m  the B P  f i l t e r  i s  applied t o  the SCD. 

frequency-modulated wave is c a r r i e d  out b y  modifying the f requency  

s p e c t r u m  of the wave in such  a manner  that  i t s  envelope f luctuates  

in accordance  with the intell igence involved. The  resu l t ing  ampl i -  

tube -modulated wave is then applied t o  a n  o rd ina ry  ampli tude-modulat ion 

de tec to r .  

modulated s igna l  into a wave possess ing  ampli tude modulat ion is 

termed a s  a s u b c a r r i e r  d i sc r imina to r .  

Detect ion of a 

The c i rcu i t  a r r a n g e m e n t  that  t r a n s f o r m s  the f requency-  

The output f r o m  the SCD i s  finally appl ied to  a LP f i l te r .  

f i l t e r  could be of the B e s s e l  polynomial type,  which g ives  a constant  

delay in  t ime over  the band of f requencies  it p a s s e s .  

t i cu la r  s tage,  the t i m e  relat ionship could be main ta ined  between 

channels .  

Th i s  LP 

F o r  t h i s  p a r -  

3 a Photographic  F i l m  Record ing  and  Reproducing 

Some fu r the r  definitions a r e  r equ i r ed  to  fully unde r -  

s tand the p rocess  of record ing  and  reproducing on photographic f i lm .  

Whenever a photographic image  i s  viewed under  magnif icat ion,  i t  i s  

s e e n  tha t  the image i s  not homogeneous.  

of minute  par t ic les  of s i l v e r .  T h e s e  pa r t i c l e s  a r e  genera l ly  r e f e r r e d  

t o  a s  "grains"., In talking about these  g r a i n s ,  the te rms  "gra in iness"  

and "granularity" a r e  used  and ,  although different ,  a r e  often confused 

o r  used interchangeably 

In f a c t ,  i t  actual ly  cons i s t s  

Granular i ty  i s  the spa t ia l  var ia t ion in the t r ansmi t t i ng  o r  ref lect ing 
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p rope r t i e s  of the developed photographic image;  it i s  therefore  a n  

objective quantity. 

Gra in iness  is the impress ion  of nonuniformity in  the image which 

is produced on the consciousness of a n  o b s e r v e r  by the g ranu la r  s t r u c t u r e ;  

it is subjective in na ture .  

A way of es t imat ing  granular i ty  is by comparing the rms ( roo t -mean-  

s q u a r e )  granular i ty  values .  These va lues ,  given in data  shee t s ,  r e -  

p re sen t  the  s tandard  deviation in densi ty  produced by the g ranu la r  

s t r u c t u r e  of the m a t e r i a l  when a uniformly exposed and developed 

sample  is scanned by a microdens i tometer .  

indicate the magnitude of the impress ion  of g ra in iness  produced i f  

t he  samples  w e r e  to  be examined visually.  

R m s  granular i ty  values  

One o ther  p a r a m e t e r  wnich must be defined is "resolving power".  

The  t e r m  "resolving power' '  r e f e r s  t o  the abi l i ty  of a n  emulsion to 

r e c o r d  fine detai l .  In measur ing  resolving power ,  a para l le l - l ine  

test c h a r t  is photographed at a g rea t ly  reduced sca l e .  

the  t e s t  c h a r t  a r e  sepa ra t ed  by s p a c e s  of the s a m e  width as the 

l ines .  

of d a r k  l ines  p e r  mi l l ime te r  t h a t  a r e  j u s t  recognizable  is de t e rmined  

L ines  c l o s e r  together  ( m o r e  lines p e r  m i l l i m e t e r )  than indicated by 

th i s  number  will  appear  on the plate ,  not a s  individual l ines ,  but as 

unresolved g r a y  mass. The resolution of an  emulsion depends only 

sl ightly on the deg ree  of development. 

The l ines  of 

The image is examined under a mic roscope ,  and the number 

Resolution f a l l s  off g rea t ly  a t  both high and low exposure levels  

reaching a maximu.m at some in te rmedia te  exposure ;  i t  i s  f o r  th i s  
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intermediate  exposure  that the resolving-power classi f icat ion is given. 

The maximum is sha rpes t  for  emuls ions  of high resolving power ,  

gene ra l ,  resolving-power maxima occur  in the densi ty  range  f r o m  

0 . 7  to 2 . 0 .  

In 

Resolving power i s  usually higher a t  the short-wavelength end of the 

visible spec t rum and is a lways higher in the far violet and ul t raviolet  

The  spec t ra l  sensit ivity of the emulsion h a s  no significant effect  when 

the exposure i s  made  to radiat ion f r o m  o rd ina ry  heterogeneous 

s o u r c e s ,  even fo r  m a t e r i a l s  that a r e  as  d ive r se  as blue-sensi t ive and 

panchromatic .  

With the above-mentioned p a r a m e t e r s ,  and the p a r a m e t e r s  as de -  

fined in the s torage  media  sect ion kept in mind ,  the p rob lem then 

becomes:  If photographic f i lm  i s  used as  the s torage  med ia ,  what 

will  be used a s  the light s o u r c e ?  

corded ,  what means  should be used to reproduce  it f o r  u se  in data  

processing equipment? 

Also ,  a f t e r  the information is r e -  

A s  indicated previously,  e lec t ronbeam record ing  would be difficult 

to  achieve because of the mechanical  p rob lems  involved. 

Link  has  had s e v e r a l  y e a r s  of extensive exper ience  developing 

prec is ion  laboratory equipment using a CRT light s o u r c e .  The  d e -  

s ign of a r ee l - to - r ee l  f i lm  r e c o r d e r  utilizing a flying-spot s canne r  

s y s t e m  (FSS),  was  undertaken by Link to  explore  the prac t ica l i ty  of 

the flying spot s canne r  approach  f o r  the ADDA. 

feas ib le ,  information would be provided f o r  pe r fo rmance  specifications 

of a device which could be uti l ized by GSFC. 

If th i s  approach  proved 
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Because  of the wide var ie ty  of CRTs,  photographic f i l m  specif icat ions,  

and spec t r a l  p rope r t i e s  of photomultiplier tubes ( P M )  as used in the 

reproducing mode ,  many calculations w e r e  made  t o  obtain the opt imum 

qual i t ies  of these  i t ems  and sti l l  be compatible toward  pe r fo rmance  

in the f inal  s y s t e m ,  

Phosphor  Requi rements  - F i r s t  of a l l ,  phosphors  (even with aluminized 

backing) can  only withstand a cer ta in  fixed rad ian t  energy  p e r  unit a r e a  

without ha rmfu l  de te r iora t ion  to the tube ' s  radiat ing su r face .  

in  d i r e c t  conflict with the requi rements  of any s y s t e m  where  light 

m u s t  be maximized  in o r d e r  to i n c r e a s e  the s y s t e m  S / N  r a t io .  

r equ i r emen t s  ( i .  e .  , the capabili ty of high scan  r a t e s )  immediately 

limit the type of phosphor which can  be used .  T h e r e f o r e  a phosphor 

type m u s t  be defined before  phosphor de te r iora t ion  can  be d i scussed  

any f u r t h e r ,  s ince each  phosphor type r e a c t s  differently when bombard-  

ed .  

This  is 

S y s t e m  

Whenever a FSS s y s t e m  is used f o r  recording the decay  t i m e  of the 

phosphor m u s t  be l e s s  than the 1 / 2  per iod of the highest  f requency 

to  be r eco rded .  

information is in e r r o r .  The e r r o r  is due to  the fac t  that  the radiant  

energy  of the flying spot a t  t ime t 

z e r o  when the flying spot has  moved to a new posit ion d 

Refe r  t o  the i l lustrat ion below. 

If th i s  design c r i t e r i a  is not followed, the r eco rded  

at posit ion d h a s  not decayed to  

1 '  

0 0 

a t  t i m e  t 1 
I 

1 
t t 
0 
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1 

is the res idua l  excitationof the phosphor 

Therefore  the instantaneous radiant  energy  p e r  unit a r e a  at t ime  t 

0 
A E  

is (A 
f r o m  position d , caused by the s lowness  of the phosphor light level  

to  sufficiently decay.  

t- ) where L Y ~  A 0 

0 

Bandwidth Requi rements  

s y s t e m  bandwidth. 

can a l s o  be defined by utilizing the c r i t e r i a  specif ied in the previous 

paragraph .  

the knowledge of spot s ize  and the velocity of the spot a c r o s s  the 

image plane. 

when the spot t r a v e r s e s  a perfect ly  sha rpboundary  (a s h a r p  densi ty  

change)  can be given by 

- The next s t ep  will be to  define the 

In th i s  way the max imum phosphor decay  t ime  

The r equ i r ed  s y s t e m  bandwidth can be calculated f r o m  

F o r  a c i r cu la r  spot ,  the r i s e  t i m e  of the wave f o r m  

where  

t = r i s e  t ime  

d = d iame te r  of spot 

v = velocity of spot 

r 

To calculate t two assumpt ions  will  be made:  a spot s i z e ,  and a 

sweep r a t e .  

to  ver i fy  these a s s u m e d  va lues .  

mi l  ( 0 .  00025 inches)  and the sweep r a t e  (veloci ty)  will  be 240 inches 

pe r  second. 

r 
In the following pa rag raphs  ana lys i s  will  be supplied 

Spot s i z e  will be specif ied at 0. 25 

The r i s e  t ime i s  then 

( 0 .  25) 
- 6  t =  = 1 . 0 4 ~  10 s e c  

inches 24 0 r 
s e c  
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Empir ica l ly  Bandwidth (B)  has  been de termined  to  be approximately 

equal to: 

:= 433 kc 
a 45 , j .  * 45 B c - .  

r 1 . 0 4 ~  
t 

1 1 -6  -6  
B 

x 10 s e c  = 2 . 3 1  x 10 s e c  
0 .433  

The  per iod  = - = 

- 6  The 1 / 2  per iod = 1. 15 x 10 s e c .  

The phosphor which has  a decay t i m e  specif ied l e s s  than 1 .  15 m i c r o -  

seconds is a P - 1 6  type.  

mic roseconds .  

of the s y s t e m  specify the  use  of P - 1 6  phosphor .  

the spec t r a l  energy  emiss ion  c h a r a c t e r i s t i c s  and the pe r  s i s tance  

cha rac t e r i s t i c s  of P - 1 6  phosphor. 

The  decay t i m e  of th i s  phosphor i s  0 .  15 

Therefore  it w i l l  be a s s u m e d  that the r equ i r emen t s  

F igu re  6 shows 

Signal /Noise Requi rements  - With the phosphor type defined, a 

continuance of the discussion of harmful  phosphor de te r iora t ion  i s  

in o r d e r .  

The  aging of phosphor can be r ep resen ted ,  to  a first approximation 

by 
7 
1 
0 

1 + C N  1.  I = 

where  

I = initial intensity 

I = aged intensity 

c = burn pa rame te r  in c m  

N = number of e lec t rons  deposited pe r  c m  

0 

2 

2 
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I 
C 

C is a m e a s u r e  of the rate of destruct ion of the luminescense .  - 
is the number of e l ec t rons  necessa ry  to  reduce the intensity of the 

luminescence to  one-half  its initial value.  The number  of coulombs 

p e r  cm n e c e s s a r y  to  reduce  the intial  P -16  phosphor intensity to 

one-half is 10  F r o m  tests which have been pe r fo rmed  by Bell  

Telephone L a b o r a t o r i e s ,  a prac t ica l  power densi ty  of 6 watt  pe r  

c m  

s c r e e n  by overheat ing.  At a power densi ty  of 1 5 watt p e r  c m  the 

phosphor s c r e e n  and aluminum backing will  vol ta l ize ,  

important  t he re fo re  that  the cu r ren t  density be control led to  reduce  

burning . 

2 

-1  

2 
has  been found to  be sma l l  enough to avoid damage  t o  the tube 

2 

It is most  

Th i s  is in d i r ec t  conflict  with sys t em S / N  ra t io  as mentioned p r e -  

viously.  The re fo re ,  it is necessa ry  to  ma tch  the s p e c t r a l  emis s ion  

of the P - 1 6  phosphor with the spec t r a l  response  of the photocathode 

of the readout  P M  to conserve  as much energy  as possible  within the 

s y s t e m .  Since the phosphor has  a l r eady  been chosen the p rob lem 

n a r r o w s  itself into finding the c o r r e c t  photocathode e m i s s i v e  s u r -  

f ace .  

The  rad ian t  flux incident upon the photomultiplier photocathode is 

given by: 

where  

P(  A )  = the re lat ive spec t r a l  emis s ion  c h a r a c t e r i s t i c  
of the phosphor 

P = the maximum flux p e r  wavelength in te rva l ,  
max 

wat t s /Ao and  A1,  and X2, a r e  chosen to  include 
the en t i re  wavelength reg ion  in which the spec t r a l  
emiss ion  and the photocathode sensi t ivi ty  a r e  
both non-zero.  
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The P M  photocathode c u r r e n t  i s  given by: 

r A, 
3 .  I = P  P ( h )  S(X) D ( h )  a m p e r e s  

PC 

where  

S ( h )  = the re lat ive s p e c t r a l  sensi t ivi ty  of the photo-  
cathode 

= the max imum photocathode sensi t ivi ty  in 
a m p e r e s / w a t t  at some  pa r t i cu la r  wavelength.  

m a x  S 

The minimum flux which i s  r equ i r ed  to produce a specified s ignal-  

to-noise r a t io  i s  found by combining the above two equations with 

the equation fo r  photocathode cu r ren t .  

The photocathode c u r r e n t  equation is de r ived  in the following 

manne r: 

4. 

where  

S 2 n I  R 
pc S I N  = 

) I  R t 4 K T B  
sn + -1  

PC 

S = the secondary - emiss ion  - c u r r e n t  mult ipl i -  
cation r a t io  p e r  s tage  

I = d i rec t  photoelectr ic  c u r r e n t ,  a m p e r e s  

R = load r e s i s t ance ,  ohms 

e = e lec t ron  cha rge ,  1.  602 x 10 

B = bandwidth, cycles  

P C  

coulomb - 19 

-23 watt  s e c  
K = Bol tzman ' s  constant ,  1 .  372 x 10 

T = t empera tu re  in K 
0 OK 

n = number of s tages  

F o r  the noise voltage,  due to shot no i se ,  t o  be r t i m e s  g r e a t e r  than 
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the t h e r m a l  noise of load r e s i s t o r :  
7 
L s- 1 1 r 

R > -  - 3 
pc sn (Sn + -1)  

[ I  5. - 20 

Due to  the ex t r eme ly  high gain of the P M ,  th i s  condition (shot  > >  

t h e r m a l  noise)  is near ly  always sat isf ied even f o r  re la t ively s m a l l  

values  of load r e s i s t ance .  When this  condition is sa t i s f ied  the 

s ignal- to-noise  r a t io  reduces  to: 

(S-1)  I 
PC 

2 S e B  
6 .  S/N ,I 

E x p r e s s e d  in t e r m s  of voltage 

(S-1)  I 
pc 3 1 / 2  

[ 2 S e B  
7 .  ( S / N )  = 

V 

By substi tution in equations 2, 3 ,  and 8 ,  the min imum flux r e -  

qu i r ed  to produce a specified s ignal- to-noise  r a t io  i s :  

2 S e B  2 
( S / N )  wat ts  

K V max m (S-1) s F min  = 
PC 

where :  

K = the normalized fac tor  which depends only on 
m 

the spec t ra l  ma tch  between the emis s ion  c h a r a c -  
t e r i s t i c  of the phosphor and the sensi t ivi ty  c h a r a c -  
t e r i s t i c  of the photocathode, and is defined by 

[ k; P ( h )  S(X) dk 

[:2 P ( k )  dX 
< 1  

K = '  
m 

K 

cathodes,  and the bes t  match  f o r  P - 1 6  phosphor is a S - 2 0  photo- 

cathode where  K = * 98. 

has  been tabulated f o r  severa l  d i f fe ren t  phosphors  and photo- 
m 

m 
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F r o m  the preceding ana lys i s  it is evident that  t h e  S / N  ra t io  is de-  

pendent p r imar i ly  on the photomultiplier while the radiant  e m i s s  ion 

f r o m  the CRT i s  l imited by the phosphor aging. 

then reso lves  i tself  into designing a n  opt ics  s y s t e m  which will  col-  

l ec t  and  t r a n s m i t  a sufficient amount  of light f lux,  emi t ted  by the 

C,R.T, 

The Flying Spot Scanner  ana lys i s  has  defined the following: 

The design problem 

onto the photographic f i lm  2nd the r e a d ~ u t  P?,1 photocathode. 

1 .  Sys t em bandwidth(by a s suming  a sweep r a t e  and spot 

s i z e )  

2 .  Radiant emit tance l imitat ions 

3. 

4 .  

5 .  

The need f o r  P - 1 6  phosphor 

S / N  dependency on the  P M  

Spect ra l  matching between the P - 1 6  phosphor and S -20  

photocathode. 

Th i s  has been a genera l  d i scuss ion  to  explain the approach  Link  

pursued  to define the s y s t e m  p rob lems .  

Design of Breadboard Photographic  F i l m  R e c o r d e r  - In the design 

and building of the breadboard  photographic film r e c o r d e r ,  off - the-  

shelf hardware  was  used whereve r  possible  because  of the brevi ty  

of t ime  f o r  the study. 

however ,  that  the quantitative r e s u l t s  obtained could be utilized in 

the ultimate design of a photographic f i l m  r e c o r d e r  f o r  use in a rch ive  

r e  cording. 

This  design was  pe r fo rmed  in such  a m a n n e r ,  

Mechanical considerat ions - The f i l m  r e c o r d e r  was  built around 

a n  existing Link opt ical  bench which allowed mounting and prec is ion  

alignment of the light sou rce  and opt ical  e l emen t s  in the s y s t e m ,  
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a s  shown in F i g u r e s  7 ,  8 ,  and 9 .  The p r i m a r y  des ign  considerat ions 

of the film t r a n s p o r t  portion of the r e c o r d e r  w e r e  two: (1)  to move 

film at a constant ,  p rec i se ly  controlled r a t e  of speed  pas t  the a p e r -  

t u r e  where  the f i l m  was  to be exposed and ( 2 )  to  achieve control  to 

ve ry  c lose  to l e rances ,  the position of the f i l m  as  it pas sed  the a p e r -  

t u r e .  A caps t an -p res su re  ro l le r  dr ive  s y s t e m  was  se l ec t ed  because 

of the possibil i ty that  a sprocket  d r ive  might  cause  per iodic  v a r i -  

a t ions  in film velocity and ,  in  addition, the  caps t an -p res su re  ro l l e r  

s y s t e m  would be compatible with unperforated f i lm ,  should the use 

of such f i l m  become des i r ab le  due to other  cons idera t ions .  

s t an  was  d i r ec t -d r iven  by a servo  speed-control led d i r e c t - c u r r e n t  

m o t o r .  

a l t e rna t ing -cu r ren t  to rque  moto r s .  Film tension,  in the compliance 

loops of the s y s t e m ,  w a s  maintained by ad jus tment  of the voltage a p -  

plied to  the m o t o r s .  

s t ruc t ed  in such  a way as  to  spr ing-load the su r face  of the f i l m  aga ins t  

a polished s t a in l e s s  s t ee l  plate to insure  that  no buckling of the film 

o c c u r r e d  in th i s  c r i t i ca l  a r e a .  

guide" the f i lm ,  applying spr ing fo rce  to maintain the lower ( r e f e r -  

ence )  edge of t he  f i l m  in contact with a r e fe rence  edge of the guide 

t o  a s s u r e  l a t e r a l  t rack ing  stability and repeatabi l i ty  of t r a c k  locations 

with r e s p e c t  to the opt ical  path of the s y s t e m .  

w e r e  used in a l l  rotat ing guides and fo l lowers .  

w a s  instal led in the film path j u s t  preceding the gate  to  sea l  off the 

a p e r t u r e  a r e a  f r o m  tension dis turbances outside the c r i t i ca l  a r e a .  

The cap-  

F i l m  spools  w e r e  loaded d i rec t ly  on shaft  extensions of two 

A film "gate", enclosing the a p e r t u r e ,  was  con-  

The gate w a s  a l s o  designed to "edge- 

P r e c i s i o n  bear ings  

A mechanica l  f i l t e r  

E l e c t r i c a l  Considerat ions - Cathode-ray tubes with a P - 1 6  phosphor 

and  P M  tubes with a S - 2 0  spec t ra l  curve  a r e  s t anda rd  items fo r  the 
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indus t ry ,  so these  tube types were  used in the breadboard  f i lm  r e -  

c o r d e r .  To  be compatible with these  p a r a m e t e r s ,  E a s t m a n  Kodak 

type SO-266 thir ty-f ive mi l l imeter  per fora ted  f i l m  was  chosen because 

of the immedia te  availabil i ty of th i s  s i ze  and  the emuls ion  sui table  

f o r  record ing  light with the spec t ra l  dis t r ibut ion produced by the 

specif ic  cathode-ray tube.  

and accord ing  to  its specifications,  with the use of the p r o p e r  develop- 

e r  the densi ty  inc remen t s  a r e  approximately 0.  040 o r  

SO-266 film h a s  a usable densi ty  of 2. 0 ,  

2 . 0  
50 - G r a y  shades  = Density - 

Density Inc remen t s  0 .  04 

T h e r e f o r e ,  with SO-266 f i lm ,  one per iod  of a s ine wave can be defined 

with a t  l ea s t  5 digital  bi ts ,  o r  to within 370 accuracy .  

power h a s  a l imi t  of 160 l ines  pe r  m m ,  and the g a m m a  is approxi -  

mate ly  1. 9 .  

The resolving 

The following record ing  c r i t e r i a  was  cons idered  as the m o s t  des i r ab le  

f o r  opt imum pe r fo rmance  of the b readboard  r e c o r d e r :  

should uti l ize the complete fi lm width,  the r e c o r d e r  should be capable 

of record ing  7 o r  8 channels s imultaneously,  the f i l m  should be corn- 

pletely exposed a f t e r  one pass  through the r e c o r d e r ,  the light s o u r c e s  

to  expose the film should be sma l l  cathode r a y  tubes with deflection 

c i r cu i t s ,  each  of the 7 data  channels should occupy about 1 / 8  the 

width of the f i lm ,  the remaining 1 / 8  width space should be used f o r  

a control  channel,  the intensity of the light emit ted f r o m  the cathode 

r a y  tubes should be re la ted  l inearly to  the amplitude of the signal to 

be r eco rded  and should expose the f i l m  to  varying levels  of densi ty  

depending upon the amplitude of the signal at any par t icu lar  instant.  

the r e c o r d e r  
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By deflecting the spot  back  and  fo r th  a c r o s s  i t s  a s s igned  t r a c k  width 

on the f i lm a t  the r a t e  of 100 cyc les  p e r  second and  a t  the  s a m e  t ime  

moving the f i l m  a t  a constant  speed of 1 ips  the ac tua l  wri t ing speed 

on the f i lm can  be made  100 t i m e s  the  ac tua l  f i l m  speed  In o r d e r  

to  m a i n t a i n  the ~ c c u r a c l r  Y cf t h e  incoi-i-iiilg s ignai ,  che veioclty of the 

def lected spot on the f i l m  m u s t  be held a t  a constant  value 

the constant spot  velocity,  the deflection on the cathode r a y  tube would 

be essent ia l ly  a f igure-eight  pa t t e rn ,  as  shown in the i l lus t ra t ion .  

To achieve 

- CRT deflection 

d i rec t ion  of spot 

d i rec t ion  
of f i l m  

\-\ 
Trace  on f i l m  

The  end  loops would be c i r c l e s  with s t ra ight  l ines  connected t o  tan-  

gent points on the c i r c l e s  

velocity around the c i r c l e  m u s t  be constant ,  in o ther  w o r d s ,  i f  a 

l ine i s  drawn tangent to the c i r c l e  a t  s o m e  point in t i m e ,  the s lope 

of this  line m u s t  change f r o m  posit ive t o  negative a t  a constant  r a t e  

a s  this  point p r o g r e s s e s  i n  t in  e dround the c i r c l e .  T h i s  def lect ion 

will then produce a const<int s ~ i o t  velocity on the f i l m  plane 

When observ ing  on the C R T ,  the tangential  

The j u n c t i o n  for the, hor izontal  deflection sweep is a t r iangular  wave-  
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f o r m  with both s ides  of the tr iangle equal in length,  

f requency is 100 cyc les  p e r  second. 

is m o r e  complex.  The  function general ly  a p p e a r s  a s  a n  inverted 

r a m p ;  however ,  during the t ime  when the to ta l  horizontal  and ver t i -  

c a l  sweeps genera te  the c i r c l e  portion, the ve r t i ca l  sweep  follows 

a serpent ine  function in genera l .  T e s t s  of the above s y s t e m  indicated 

that  the c i r cu i t s  designed f o r  the breadboard  were  not p r e c i s e  enough 

in operat ion to p e r f o r m  sat isfactor i ly .  

avai lable  and the complexity of the problem,  the t e s t s  w e r e  discon-  

tinued and a slightly different  approach implemented to  obtain quanti-  

t ave  t e s t  r e s u l t s .  

The repet i t ion 

The  ver t ica l  deflection sweep 

Because of the sho r t  t ime  

The decis ion was  made  to  continue the t e s t s  on the  breadboard  by 

r eco rd ing  one data  channel longitudinally along the f i lm ,  using an  

undeflected spot,  r a t h e r  than continue with the  previously desc r ibed  

type of record ing .  

f i l m  speed,  s ince the spot itself is not moving. The f i l m  t r anspor t  

had been designed to move the f i lm a t  a speed  of 1 inch p e r  second,  

and  because p r e c i s e  speed regulation i s  r equ i r ed ,  no changes were  

made  to  achieve higher  speed.  

lating the beam intensity of the cathode-ray tube,  and record ing  th i s  

modulated spot on film. 

F i g u r e  10 .  The photographs a r e  magnified 120 t i m e s .  

f i l m  speed  and with a CRT spot s i ze  of 2 m i l s ,  the b e a m  intensity 

w a s  modulated f r o m  0 to  1 kc,  

and spot s i ze  held constant ,  the light sou rce  was d i r ec t ed  through 

the r eco rded  f i l m  t r a c k  onto a PM tube with varying densi ty  of the 

r e c o r d e d  t r a c k ,  a varying voltage appeared  at the output of the P M .  

Longitudinal record ing  r e q u i r e s  much  higher  

The effort  was  d i r ec t ed  toward modu- 

A section of th i s  record ing  is shown in 

At  the above 

3 n  playback, with the b e a m  intensity 
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2 Mils  Modulated Beam 

0 . 2 5  Mils  Line Width 

F i g u r e  10 
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The frequency was down to  the 3 db  point a t  200 cyc les  p e r  second 

N o  c lose  ana lys i s  was  made for  harmonic  content in the bas ic  wave-  

f o r m .  

r eco rded ,  as  shown in F i g u r e  10. The beam intensity was  held con-  

s tant  * 

During these  t e s t s  a spot s i ze  of 0 .  25 m i l s  d i a m e t e r  was  

Light P i p e s  - Light pipes were  a l s o  investigated f o r  t ransmi t t ing  

light f r o m  a CRT to the f i lm plane,  

in using light pipes  in the r eco rd  mode .  

sou rce  ope ra t e s  in the nea r  ultraviolet  portion of the light spec t rum,  

only quar tz  i s  sa t i s fac tory  f o r  t r ansmiss ion  of light. Apparently,  in 

f iber  optics it is very  difficult to d raw quartz  down to  a 1 o r  2 mil 

s i ze  d i a m e t e r ,  t he re fo re ,  a lens is n e c e s s a r y  to  reduce the spot to  

the s i ze  des i r ed .  

m o s t  of the light r a y s  t ransmi t ted  down the s ides  of the  cyl indrical  

port ion of the pipe undergo multiple reflections in  the  conical sec t ion ,  

Upon emerging  f r o m  the t ip ,  the light r a y s  a r e  diverging in such  a 

m a n n e r  that  a lens  can collect  only a s m a l l  port ion of the light emit ted 

f r o m  the CRT source .  

Two problems w e r e  encountered 

(1)  Since the CRT light 

( 2 )  When a light pipe i s  d rawn to  a cone on the t ip ,  

F o r  u s e  in  the record ing  mode, m o r e  development m u s t  be done with 

quar tz  f ibe r s ,  and investigation should be made into shaping t ips  

different ly  to  use  light p ipes  efficiently. 

Light pipes  could possibly be used in 

i s  used which e m i t s  light in the vis ib  

be  drawn and shaped to  t ransmi t  the 

individual P M  tube ~ 

the reproduce mode if a sou rce  

e s p e c t r u m ,  P lex ig l a s s  could 

ight f r o m  the f i lm  plane to each  
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Optical  Diodes 

has  been in the i n f r a r e d  region of the s p e c t r u m  s o f a r  

solving power of f i l m  is higher in the  ultraviolet  region,  the  two 

devices  would be incompatible Optical  diodes could be used ,  how- 

e v e r ,  if future development p r o g r e s s e s  in the  ultraviolet  o r  blue 

region of the spec t rum 

- Most of the development of Light emitt ing diodes 

Since the r e  - 
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IV  CONCLUSIONS 

Seve ra l  f ac to r s  mus t  be considered fu r the r  f o r  a r r iv ing  a t  a logical 

conc lus  ion. 

Photographic  Disk - A s  a sma l l e r  spot s ize  is achieved to  obtain 

a higher  bit packing densi ty ,  the d imens iona l  stabil i ty of g l a s s  be-  

c o m e s  a significant problem.  

al ly  t e m p e r a t u r e  controlled to  a *5'F to l e rance ,  conceivably then ,  

the d i sk  dimension could change 45 micro inches  p e r  inch. 

r epor t  cited on e lec t ron  b e a m  record ing ,  data  t r a c k s  w e r e  sepa ra t ed  

by only 3 m i c r o n s .  The re fo re ,  ca re fu l  t empera tu re  control  of the 

d isk  during record ing  and reproducing would minimize  the  dimension-  

al s tabi l i ty  problem.  

Since a n  a rch iva l  s torage  a r e a  is usu-  

In the 

F requency  Multiplexing - 
util ized as appl ied to  a rch iva l  s to rage  r equ i r emen t s ,  

bandwidth p e r  channel specification c o v e r s  a total  bandwidth of 3 .  5 

m c  in i t se l f .  

Tape  Recording sect ion,  i s  a narrowband F M  type at bes t .  

method,  only a single c a r r i e r  and two sideband f requencies  fo r  e a c h  

channel could be reproduced a t  the output of the sys t em.  Since the 

modulation index is proportional to  the ampli tude of the modulating 

s igna l  where  i n c r e a s e s  in  signal ampli tude genera te  new sidebands,  

i t  would be highly questionable if the output signal could be r e s t o r e d  

to within 20 db of the original s ignal  as  applied to  the input of the 

s y s t e m .  

value of 5 ,  which i s ,  incidentally, the s tandard  fo r  space t e l e m e t r y  

Frequency  multiplexing cannot be effectively 

The 500 kc 

The F M  method of record ing ,  a s  outlined in the Magnetic 

In th i s  

If the modulation index would be increased  to a n  a s s u m e d  
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w o r k  and F M  broadcas t ing ,  the bandwidth r equ i r emen t  f o r  e a c h  

channel would i n c r e a s e  the overa l l  bandwidth t o  o v e r  35 m c ,  which 

is wel l  out of the l imi t s  of any  record ing  device .  

Conceivably,  the F M  bandwidth could be reduced  b y  r,!csc!y anaijiziiig 

the overa l l  f requency s p e c t r u m  to  de t e rmine  the points w h e r e  t h e r e  

might  be absence of significant s idebands.  

pa r t i cu la r  SCO could be deviated in such  a way where  the s idebands 

produced would fi l l  t hese  vacancies ,  

Comb f i l t e r s  on the output r e s t o r e  the s ignal  t o  the p r o p e r  channel .  

However,  t he re  i s  the difficult p rob lem of phase shift  as a function 

f requency  which m u s t  be cons idered  if the t ime  relat ionship between 

channels  is  t o  be maintained.  

in B P  f i l t e r  design a s  used  in the  Magnetic Tape  Reproduce  s y s t e m  

The c a r r i e r  ol s o m e  

This  method i s  used  in co lor  T V  

This  p rob lem m u s t  a l s o  be cons idered  

Magnetic Tape 

where  data would be s to red  f o r  five years  o r  m o r e ,  

in this  r epor t  previously,  the p rob lems  of magnet ic  pr in t - through 

and c r o s s - t a l k  ex is t  r e g a r d l e s s  of the frequency incorpora ted .  

Daniel  h a s  shown ( r e p o r t  published in Appendix) t h e r e  ex i s t s  a ce r t a in  

finite pr int- through s ignal  fo r  e v e r y  r eco rded  wavelength.  If the 

magnet ic  layer  is made thinner  t o  min imize  pr int- through,  then a 

magnet ic  ma te r i a l  with higher  resolut ion capabi l i t ies  m u s t  be used  

and the problem of demagnet izat ion becomes  significant.  

e s t e r  base  cannot be a r b i t r a r i l y  d e c r e a s e d  t o  achieve  higher  volumetr ic  

efficiency because the l a y e r - t o .  L a y e r  d i s tance  i s  reduced  and  p r in t .  

through cer ta inly m u s t  be ( oi i s idered  

- Magnetic tape could not be used  in a rch iva l  s to rage  

A s  pointed out 

A s  

The  poly- 
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P o l y e s t e r  Base  - With e i the r  magnetic tape o r  photographic f i lm ,  

the base  material dimensional  stability m u s t  be cons ide red  in Long 

t e r m  s to rage .  According to  t e s t s  made by Kodak, the Estar 2 .  5 

m i l  base  changes 0. 050/0,4. 0 mil  base  changes 0 .  0370, and the 7 . 0  

mil base  changes 0 .  02%. If a n  extrapolation is made ,  th i s  would 

indicate that  the abi l i ty  t o  faithfully reproduce  a s ignal  after seve ra l  

y e a r s  s torage  is se r ious ly  impai red  as the base  th ickness  is d e -  

c r e a s e d .  

F r o m  these  f ac to r s  d i scussed ,  this  s u m m a r y  is made :  

s to rage  medium,  magnet ic  tape i s  not des i r ab le  because of the c r o s s -  

ta lk ,  p r  int-through, and demagnetization p rob lems .  Link can only 

conclude that  photographic f i lm on a polyes te r  base  should be used 

as the s to rage  medium.  Th i s  conclusion h a s  been reached  a f t e r  

ca re fu l  and intensive investigation of a var ie ty  of s to rage  media .  

A s  a n  arch iva l  

Photographic  f i l m  h a s  been used fo r  many y e a r s  as  a n  a rch iva l  

s torage  medium.  The  p a r a m e t e r s  which define f i l m  a r e  well  known 

to the point where  quantitative ana lys i s  and calculat ion can  be made  

f o r  the design of a n  opt imum per formance  f i lm r e c o r d e r  f o r  u se  in 

a rch iva l  s to rage  work .  
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F igu re  11 A r t i s t s  Conception of Film T r a n s p o r t  
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V .  RECOMMENDATIONS 

Based  on intensive s tudy and  t e s t  r e su l t s ,  f i lm,  in the f o r m  of r e e l s ,  

would be used  as  the  bes t - record ing  medium to p r e s e r v e  da ta  fo r  a 

long per iod  of t i m e ,  and to  reduce the s torage  space  r equ i r ed  as  

compared  to  the anticipated magnetic tape s torage .  

Sixteen mi l l ime te r  perforated f i l m  of Kodak Type SO-337 with a 

2. 5 m i l  polyester  base  would be used  as the s to rage  med ium.  

s i lver  halide emulsion would have opt imum s p e c t r a l  r e sponse  in the 

ul t raviolet  region,  the resolving power would be 160 l i ne -pa i r s  p e r  

m m ,  and the usable  density range would be 2.  2. 

The 

A s  will  be st ipulated in the  sys t em requ i r emen t s ,  control led environ-  

ment  in p rocess ing  and s torage of f i l m  is e s sen t i a l  to maintain accu-  

r a c y  and permanency  of data .  

0.057'0 a f t e r  t h ree  y e a r s  of s torage.  

The  film should not shr ink  m o r e  than 

1.  PROPOSED DEVICE 

The  proposed film recording device as shown in F i g u r e  11, will  be 

housed in a special ly  constructed,  a i r -condi t ioned,  light-tight cabi-  

net ,  approximately 72" h i g h x  36" wide x 30" deep.  

m a t e r i a l s  will  be used extensively to  achieve the n e c e s s a r y  rigidity 

and prevent  ove ra l l  weight f r o m  becoming excess ive .  

Lightweight alloy 

The  film t r a n s p o r t  itself will be designed to cope with the unique 

p rob lems  a r i s ing  f r o m  the overa l l  s y s t e m  concept.  In gene ra l ,  it 
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wil l  be a highspeed,  continuous-motion t r a n s p o r t ,  capable  of b i -  

direct ional  operat ion Some of the p rob lem areas  which will  r e -  

q u i r e  fur ther  investigation include the following 

( a )  Film Handling - The s y s t e m  concept involves r e c o r d -  

ing many s e t s  of data  t r a c k s  down the length of the f i l m  

Since i t  seems m o s t  p rac t i ca l  to  r e c o r d  only seven  ana -  

log channels of information a t  one t ime  (cor responding  

to  the seven  t r a c k s  on a magnet ic  tape r e e l )  i t  i s  evident 

that  the f i l m  m u s t  be re-wound and  r e c o r d e d  upon many  

t i m e s .  The film m u s t  be handled with e x t r e m e  care  t o  

prevent  damage  t o  the u n - p r o c e s s e d  emuls ion ,  r e su l t -  

ing in s c r a t c h e s  and ,  as  a r e su l t ,  unusable data t r a c k s .  

The t r a n s p o r t  a r e a  m u s t  be kept f r e e  of dust  fo r  the  

s a m e  r e a s o n s  

( b )  F i l m  Guiding - The l a rge  number  of pa ra l l e l  t r a c k s  

and the consequent small s i z e  of e a c h  t r a c k  make  longi- 

tudinal guiding of the film a m a j o r  p r o b l e m  If t he  f i l m  

i s  allowed to  "wander"  a s  it is moved through the exposure  

a rea ,  the t r a c k s  will  be imposs ib le  t o  follow with the 

ex t r eme ly  s m a l l  s i ze  light sou rce  r equ i r ed  f o r  play-  

back.  

( c )  T r a c k - s e t  Alignment - A mechanica l  shifting device 

m u s t  be included in the t r a n s p o r t / o p t i c s  a s s e m b l y ,  to  

allow p r e c i s e ,  repea tab le  r eg i s t r a t ion  of t r a c k  s e t s  on 

the f i lm  during record ing  and a l ignment  of readout  l ights 

with t r a c k  s e t s  during playback 
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(d)  Speed Regulator  - The constancy of film velocity pas t  

the record /p layback  area m u s t  be held to  very  c lose  

to le rances  to avoid introducing ex t raneous  s ignals  ( ' 'wow'' 

and "flutter") into the  r eco rded  m a t e r i a l .  

The en t i r e  device wil l  be light-tight, so a l l  operat ions may be c a r r i e d  

out in a normally- l ighted room.  

will  include t r anspor t  function control  switches / ind ica tors ,  footage 

counter f o r  accu ra t e  location of d e s i r e d  da t a ,  " t r ack - se t "  ind ica tors ,  

film load condition and malfunction ind ica tors ,  and  front  panel outputs 

f o r  monitoring inputs or  reproduced s igna ls .  

Ex te rna l  cont ro ls  and ind ica tors  

Seven channels of information would be r eco rded  s imultaneously 

along the length of the f i lm .  

a P-16  phosphor.  

during the record ing ,  i n  other words ,  longitudinal record ing  would 

be used,  and the intensity of the  light sou rce  would be changed l inear ly  

with the ampli tude of the incoming s ignal .  Note: A s  d i scussed  in 

the f i l m  r e c o r d e r  breadboard design,  f u r t h e r  investigation should 

be made  in the deflection of the light sou rce  to  obtain a higher  

equivalent f i l m  speed ,  and consequently, lower the ac tua l  f i l m  t r a n s -  

po r t  speed r equ i r emen t s .  Quite possibly,  re laxat ion of the 500 kc 

bandwidth p e r  channel could be reduced to  a requi rement  where  

only 1 o r  2 channels would be r equ i r ed  to reproduce  500 kc.  If 

this  is poss ib le ,  requi rements  f o r  t racking  and speed regulat ion 

could be re laxed  considerably using th i s  method.  

The light sou rce  would be a CRT using 

The  light exposing the f i l m  would not be def lected 

The light exposing the film f o r  each  channel would be focused down 
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t o  a very small spot  on the f i l m  and would expose only a ve ry  na r row 

line a s  the f i l m  i s  moved a t  a constant speed .  Th i s  spot  is i l lus t ra ted  

below 

0. 24 mils 

F i l m  P l a n e  

one t r a c k  

Fi lm 
irect ion 

The  dimension of the spot i s  defined to take  into considerat ion the 

160 l ines p e r  mm resolving power of the film used .  

F o r  any  given upper  f requency to be reso lved  accu ra t e ly  the longitu- 

d ina l  f i lm speed  m u s t  be f a s t  enough to  obtain varying shades  of 

g r a y  on the f i lm  t r a c k  when the light b e a m  intensi ty  i s  modulated.  

With the frequency r equ i r emen t  of 500 kc and  the spot  s i ze  defined, 

the f i l m  speed i s  

= 240 i n . p e r  second 
(0 .  24) in 

3 
( 5 0 0 )  10 ( 2 )  bi ts  --- - -- 

second bit 

The f i l m  t ranspor t  should be capable of r eco rd ing  and reproducing 

DC to  500 kc to a n  a c c u r a c y  of f 1 db  o v e r  the en t i r e  f requency  

range  

In the reproduce mode ,  a light sou rce  of the  d imens ions  a s  i l lus t ra ted  
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would be used.  

0. 24 m i l s  

1 . 7 4  m i l s  

Th i s  spot is rec tangular  in shape to  compensate  f o r  a n  a s s u m e d  1 .  5 

mils possible  l a t e r a l  movement  of each  film t r a c k  in the playback 

mode .  

Volumetr ic  Reduction - If a s  previously a s s u m e d  in the r epor t ,  

the a r e a  p e r  bit on magnet ic  tape  at 500 kc i s  8 . 4  mils, then at a n  

a s s u m e d  thickness  of 1 .  5 mi l s ,  the volume p e r  bit  is 1 2 . 6  mils . 
The a r e a  pe r  bit on photographic f i lm  i s  

3 

2 
(0. 24) (1 .  74) 2 0.418 mils 

If the a s s u m e d  thickness  is 2 .  5 m i l s  then the volume pe r  bit  on 

photographic film i s  1 .  04 mi ls  . 
photographic f i lm  is then 

3 
The volumetr ic  reduction of 

- -  - 1 2 . 1  
12. 6 
1 .  04 

when compared  with magnetic tape .  Since the packing densi ty  of 

digital  magnet ic  tape is approximately 8 t i m e s  l e s s  than the analog 

r e c o r d ,  a volumetr ic  reduction of 9 6 . 8  could be rea l ized  when 

compared  to digital  magnetic tape .  

i s  pe r fo rmed  where  one shade of g r a y  defines 4 digital  b i t s ,  then 

If a digi ta l - to-digi ta l  reduct ion 
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a volumetric reduction of approximately 380 could be achieved ,  

In determining the s ize  of photographic f i l m  used the dimensional  

stabil i ty p a r a m e t e r  was  cons idered .  If a f t e r  3 y e a r s  the f i lm  has  

changed 0 .  05% and 0 .  2 m i l s  width shr inkage is a s s u m e d ,  the total  

available width fo r  record ing  would be 

= 400 m i l s  ( 0 . 2 )  Total width = 
( 0 . 0 5 )  lo - '  

The nea res t  s i ze  photographic f i l m  to  the  width calculated i s  16 

mm. If a t r a c k  width of 1.  74 m i l s  i s  a s s u m e d  then the number  of 

t r a c k s  recorded  i s  

1 230 t r a c k s  
400 
1 . 7 4  

and the equivalent ro l l s  of magnet ic  tape would be 

- -  - 33 ro l l s  of magnet ic  tape 
23 0 

7 

Economic Realizabili ty 

of magnetic tape on f i lm ,  the economic real izabi l i ty  can be ca l -  

culated.  If a ro l l  of magnet ic  tape c o s t s  approximate ly  $20.  00 ,  

then 33 rol ls  of magnet ic  tape cos t  $660. According t o  the f i l m  

manufac turer ,  a r o l l  of SO-337 would cos t  $85. and in addition, 

10% of the to ta l  cos t  of one ro l l  f o r  p rocess ing  for  a total  of approxi -  

mate ly  $94. 

- Based on the abi l i ty  to r e c o r d  33 ro l l s  

T h e r e f o r e ,  the economic real izabi l i ty  would be 

660 .-- - - = 7 0  
94 
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F u r t h e r  reduction can  be made if ,  a t  the s t a r t  of the phase two 

port ion,  as outlined in the P roposed  Sys tem,  a f te r  the data  has  

been r eco rded  on f i lm ,  the tapes a r e  e r a s e d  and new da ta  i s  r e -  

corded .  

be uti l ized before  the accuracy  a n d  rel iabi l i ty  i s  impar i ed .  

GSFC would determine how many t i m e s  these  t apes  could 
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2 PROPOSED SYSTEM 

T o  be able t o  maintain dimensional  stabil i ty of f i l m  f o r  a rch iva l  s to rage  

c a r e  mus t  taken t o  control  both t e m p e r a t u r e  and  re la t ive  humidi ty .  

Keeping in mind the longevity of the r e c o r d ,  both unprocessed  and  

p rocessed  f i l m s  should be s t o r e d  in the same type envi ronment .  

t e m p e r a t u r e  should be 70-75'F and the re la t ive  humidity 45 f 570. 

Since unprocessed  film es tab l i shes  i t s  own equivalent re la t ive  humidi ty ,  

a two week per iod is r equ i r ed  t o  es tab l i sh  equi l ibr ium,  the re fo re ,  new 

f i l m  mus t  be  s to red  f o r  this  per iod  in the above envi ronment  before  it 

can  be exposed and p rocessed .  

men t  should a l s o  be housed in the s a m e  area  t o  main ta in  a consis tent  

environment  for  the f i lm .  

The  

The  film t r a n s p o r t  and  p rocess ing  equip- 

Device Integration 

gra t ion  into the total  s y s t e m .  

abil i ty of the device ,  it should be kept in the ro le  of a n  off-line p r o -  

c e s s o r  for a per iod of t i m e .  During th i s  i n t e r i m  per iod ,  along with 

process ing  the no rma l  t e l e m e t r y  da t a ,  t e s t  t apes  (both analog and  

digital)  with known information should be gene ra t ed  and p r o c e s s e d  

through the device and s y s t e m  t o  de t e rmine  that  the a c c u r a c y  and 

rel iabi l i ty  r equ i r emen t s  a r e  m e t .  

at l ea s t  once eve ry  two weeks  t o  in su re  that  these  r e q u i r e m e n t s  a r e  

maintained.  ( 2 )  At the end of this  per iod ,  the device should be inte-  

t r a t e d  into the  m a i n  s y s t e m  with the  philosophy being that  the f i l m  

r e c o r d  will be the p r i m e  source  f o r  both analog and digital  da t a .  If 

a n y  updating of the prototype i s  r equ i r ed ,  t e s t  t apes  should aga in  be 

p r o c e s s e d  through the device and s y s t e m  t o  in su re  that  the changes 

have not degraded the  a c c u r a c y .  

- T h r e e  dis t inct  s t eps  m u s t  be taken  f o r  inte-  

( 1 )  To prove  the a c c u r a c y  and r e l i -  

Th i s  p rocedure  should be pe r fo rmed  

( 3 )  Upon instal la t ion of a manu-  
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factur ing model ,  the prototype should be maintained at the s a m e  

engineer ing level  to r ea l i ze  the maximum util ization of the equipment.  

At  th i s  point, manufactur ing models  can  a l s o  be instal led at the va r i -  

ous  t racking s ta t ions .  The same specif icat ions would apply to  the 

t racking s ta t ion models  as  applies to GSFC equipment because  the 

s a m e  environmental ,  accu racy ,  and rel iabi l i ty  r equ i r emen t s  must  

be maintained.  

Data Flow - During the f i rs t  phase,  with the emphas i s  placed on 

accu racy ,  no effor t  should be made to  r e c o r d  all t e l e m e t r y  data  on 

f i l m  since some  t ime  m u s t  be used in process ing  and ver i f icat ion of 

t e s t  t apes .  

would be de te rmined  by GSFC t o  obtain opt imum pe r fo rmance  f r o m  

the  device and ove ra l l  sys t em.  

The amount  of data to be r eco rded  and p r o c e s s e d  on f i lm 

In the second phase,  with the fi lm r e c o r d  becoming the p r i m e  s o u r c e  

f o r  data process ing ,  a data  flow d i a g r a m  i s  i l lus t ra ted  below with 

the  device integrated into the complete s y s t e m .  
Expedite 

--I 
- --  -e-- r- 

Digital  
Corn- Decqm 
puter  Tapes  

ADDA - -p Tape  -+ +- 

Edi t  
Tapes  

1 Digital  

s to rage  

I-- 
-I_---- - 

ction 
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With the  e s t i m a t e  in the specification that  130.analog and 45 digital  

t apes  a r e  p r o c e s s e d  e a c h  day,  the a s sumpt ion  could be made that  1 2  

h o u r s  would be r equ i r ed  t o  p r o c e s s  ana log  da ta  and  4 h o u r s  f o r  

digital ,  for a total  of 16 h o u r s  process ing  t i m e  of the  devices .  

T o  augment the capabili ty of automatic  indexing in data r e t r i e v a l ,  the  

following procedure  would be used: 

s to red  on a digital  compute r .  ( 2 )  

satell i te,  o rb i t  number ,  type of data.  (digital  o r  analog) ,  s to rage  

location ( shor t  t e r m  o r  long t e r m ) ,  r e e l  number ,  and location of 

sect ion on r e e l  (a sect ion being one of s e v e r a l  s ince s e v e r a l  magnet ic  

t apes  a r e  r eco rded  on one r e e l ) .  (3)  When pa r t i cu la r  data  i s  t o  be 

p rocessed ,  the computer  will  produce a punched c a r d  with the above 

heading information. 

s to rage  and placed on the device.  

mode where the heading on the f i l m  r e e l  would be compared  with the 

heading on the punched cards .  The  device would then go into the 

reproduce  mode and the data would be p r o c e s s e d ,  

(1 )  All f i l m  headings would be 

Each heading would contain the 

(4) The f i l m  r e e l  would be taken manual ly  f r o m  

(5)  T h e r e  would then be a ver i f icat ion 

(6 )  

Since the  in te res t  in a n  expe r imen t  r e m a i n s  ac t ive  f o r  about a y e a r ,  

a f t e r  the data has  been acqui red  f r o m  the sa te l l i t e ,  th i s  thought can  

be implemented into the  s to rage  of da ta .  

films would be s t o r e d  in the sho r t  t e r m  s t o r a g e ,  and a f t e r  one year  

of e lapsed t i m e ,  be ro ta ted  t o  long term F e d e r a l  Archive  S to ragec  

The  re t r ieva l  t ime  in sho r t  t e r m  s to rage  would be minu tes  as  c o m -  

p a r e d  to  days in long t e r m  s to rage .  

c u .  f t .  and 100% floor  space  f o r  a i s l e s  is  used ,  13, 560 cu .  f t .  of space  

would be requi red  f o r  one year  of s to rage .  

Both analog and digital  

If the e s t i m a t e  of 7 t a p e s  p e r  

With the volumetr ic  r e -  
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duction of film, 1230 c u .  f t ,  would be used f o r  the analog s to rage ,  

which would be a very  small percentage of the space al lot ted in the 

new data  process ing  complex. 

c u .  f t .  

c o r d  be taken f r o m  the l i b r a r y ,  but only reproduced  at tha t  location, 

t h i s  procedure  would be followed a l s o  in the using of the f i l m  r e c o r d .  

The  only exception in the data  flow d i a g r a m  is indicated by dotted line 

where  the need would be f o r  some par t icu lar  da ta  being p r o c e s s e d  

immediately a f t e r  i t  is acqui red  f r o m  the sa te l l i t e .  

t ape  inspection, the analog tape would be p rocessed  on the A / D  line and 

then  r e tu rned  to  the device fo r  recording on film. 

The digital  s to rage  would r equ i r e  53 

With pas t  operat ing procedure  es tab l i shed  that  no or iginal  r e -  

Immediately a f t e r  

F o r  the th i rd  phase ,  no m a j o r  changes would be r equ i r ed  in the data  

flow d iag ram,  except that  now all incoming da ta  to  GSFC would be on 

f i l m ,  and  headings placed on the beginning of the f i l m  would be done 

at the t racking  s ta t ion.  

s ta t ion  would be ve ry  s m a l l  since the da ta ,  as it is acqui red ,  i s  

shipped immediately to  GSFG.  

The f loorspace r equ i r emen t s  at the t racking  
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APPENDIX 

COST ESTIMATE 

To build a functional prototype s y s t e m  r e q u i r e s  a careful ly  planned 

p r o g r a m  which will  have, as  a n  end r e s u l t ,  a s ta te -of - the-ar t  de -  

vice and  not be excess ive  in  cost. 

t o  achieve these  goa ls ,  (1) through the building of a feasibi l i ty  model  

to  define design p a r a m e t e r s  and with full  uti l ization of th i s  model ,  

build a n  operat ional  prototype, ( 2 )  building only a feasibil i ty model  

with the e x p r e s s  purpose of defining f inal  design p a r a m e t e r s  and  

objective s e 

Link h a s  shown two p r o g r a m s  
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COSTS FOR DEVELOPMENTAL MODEL 

AND PROTOTYPE SYSTEM 

Labor  Classification 

Senior Elec t ronic  Engineer 

S e ni o r Me c ha ni ca 1 Engine e r 

Elec t ronic  Technician 

Mechanical Model Shop 

Elec t ronic  Model Shop 

Drafting 

Inspection 

Adminis t ra t ive Assis tant  

Man Hours  

3600 

3720 

3 200 

1960 

560 

4220 

400 

1600 

Mate r i a l  (Includes ma te r i a l  in prototype model  

which can be utilized f r o m  the develop- 

menta l  mode 1) e $77,300 



W DR - 96-3  
P a g e  I V  

I 

d 
W 
n 
z 0 
c 

> 
W 
n 
a n 
n a 



COSTS FOR 

F EA S I BI L IT Y MODEL P R OG R-4 M 

Labor  Classif icat ion 

Senior  Elec t ronic  Engineer 

Senior Mechanical Engineer  

E le c t  r onic T e ch,ii c ian 

Mechanical Model Shop 

Elec t ronic  Model Shop 

Drafting 

Inspection 

Adminis t ra t ive  Ass is tan t  

M a n  H o u r s  

1600 

1600 

1600 

800 

240 

1340 

2 20 

8 0 0  

---__- 

Mater  ia l  $ 4 2 , 0 0 0  
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ACCIDENTAL P R I N T I N G  I N  
MAGNETIC RECORDING 

By E. D .  Daniel, M.A . ,  and P.  E. Axon, O.B.E., M.Sc., A.M.I.E.E., 
Research Deliartment, B .  B.  C. Engineering Division 

N a previous article in THE D.R.C 
UARTERLY * a hrief description was IQ given of the procrss of magnetic 

recording, and some factors were con- 
sidcred which affrcted the fidelity of the 
magnetic record in sulwqiirnt rrproduc- 
tion. The article dcscribrd how the mag- 
netic record was made by crrating a 
variation of magnrtic intensity along the 
length of a niagnrtic tape (or wire) in a 
pattern corresponding to the time varia- 
tion of the signal being rrcordcd. The 
present article will describe an invrstiga- 
tion idto an undrsirable phenomrnon 
which can take place in magnetic tape 
after it has been recorded. 

The magnetic tape at present in com- 
mon use consists of a plastic backing, a 
quarter-inch wide, on one sidr of which 
is deposited a layer of magnetic mxtrrial 
consisting of one or more of the oxidrs of 
iron. In  some tapes the plastic inedium 
may be uniformly impregnated or mixrd 
with the iron oxidc, this type of tape Iiring 
known as ‘homogeneous’, while the first 
variety described is known as ‘coated’ 
tape. The particular mixture of iron 
oxides coated upon, or mixed into, the 
plastic medium varies from one manu- 
facturer to another. So also does the 
overall thickness of the tape, and in the 
coated type both the magnctic layer and 
plastic backing vary in relative thickness 
between manufacturers. Magnetic tape 
is supplied and stored wound up into 
reels, this practice having obvious ad- 
vantages which it is iinnrcessary to 
enumerate. In  recording or reproducing, 
the tape is always fed from one reel past 
the recording or reproducing head and is 
wound up into a second reel. The thick- 
ness of the magnetic tape issued hy various 
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manrifactiirers has varird from aboiit 
o*oo2 in.. up to 0.003 in., h i t  the tipper 
limit of this clhrnsion hiis now been 
staridardiscd at 0.0024 in. From these 
figures it will be apprc-ciated that adja- 
cent layrrs of magnetic ma trrial upon a 
rerl of magnrtic tapr are scparated only 
by a sniall dist<incr. TI IUS,  whcn a reel 
of tapr has brcn recordrd, so that i t  has 
a varying intrnsity of prrmanent mag- 
nrtisation along its lcnqth, the weak 
magnetic firld ratliatrd hy each tape 
layer can CRUSC some small magnetisation 
of thc magnetic matrrial in adjacent 
layers. 7’hr amount of magnetisation 
created dependq upon various conditions, 
such as the separation hrtween the layers, 
the level of tho original rccording, and 
thr tcmprraturr. ‘2’hrsr effrcts will be 
descrihd in detail in later paragraphs. 
In any rvrnt the newly formed intensity 
pattrrn always bears a recognisable 
r r s rmlh ic r  to thr ndiacrnt pattern 
which created it. O n  some occasions con- 
ditions are such that the magnetisation 
creatcd on one layer by the magnetic 
fidd of another gives an audible signal or 
‘echo’ upon reproduction and the result 
can be very irritating. Some properties 
of this phenomenon, which is known as 
‘accidrntal’ or ‘spurious’ printing or as 
‘copy effect’, were first drscrihrd hy 
German workrrs 1i 2, and further experi- 
mental work has since been reported in 
America.8 The accidental printing can 
take place in layers on either side of the 
original recorded intrnsity, so that on 
reproduction some echoes can appear 
hrforr the main signal (pre-prints) and 
othrrs aftrr i t  (post-prints). 

I t  is, of coiirsc, possihle to srt up condi- 
tions under which one magnetic tape 

‘8 ‘I 8 See page 22 
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may be used as a ‘master’ to print its 
intrnsity variation fait ly efficiently upon 
a srcorid or ‘slave’ tape, and this has 
obvious applications in the large-scale 
commercial production of magnetic 
records. The purpose of this article, how- 
ever, is to describe the proprrties of acci- 
dental printing and some methods of 
allrviating it, and not to describe the 
pr~crss of iiiteiit;wd printing, aithough 
much of the analysis and discrission givrn 
is applicable to both phenomcna. In the 
present article, thrrrforr, the originally 
recordrd layer of tape will oftrn be 
rcferrrd to as the ‘master’ tape and the 
layer on which accidental printing has 
taken place as the ‘slave’ tape, this 
terminology being convenient for each 
type of printing. 

THEORETICAL CONSIDERATIONS 
General Problem 

The physical process involved in acci- 
dental printing is merely a complex 
example of one magnet being magnetised 
by another and, as in the simplest case, 
the problem of determining the induced 
magnetisation is largely one of evaluating 
the magnetising field. Briefly, an analysis 
of actidental printing can be made by 
establishing the following characteristics : 

(a) The nature of the magnetisation resulting 
from the recording of a sinusoidal si nal. 

(b )  The distribution of the magnetic fielff created 
by the recorded magnetisation. 

(c) The magnetisation induced in a nearby layer 
of tape by this field. 

( d )  The output obtained when the master or slave 
tape is passed over a reproducing head. 

In each of these steps of the problrm, 
an analytic solution can be obtained 
easily only if a number of simplifying 
assumptions is made. The complete 
justification for some of these assumptions 
requires a very detailed analysis of the 
phenomenon of accidental printing, all 
of which cannot be produced here. ‘The 
discussion that follows is, however, 
written in the light of the conclusions 
of a full analysis. 

Conditions qf Accidmtnl Printing 
In practicr thr recording field applied 

to a tapr whrn i t  is passrd over a normal 
‘longitucliiial’ recording hrad is of a very 
complrx naturr. J<lcments of tape at 
varioiis distances from the surface which 
is i n  contact with the hrad, experience 
bias and audio Grltls differing in absolute 
a w l  rrlative magiiitudr, in direction. and 
in  rate of decay on ritlicr side of the gap. 
’I’his Irads, in grnrt al, to a non-uniform 
distrilnition of intrnsity nf magnetisation 
through thc thickness of tlic tape and to 
thr cxistrrice of at least two components 
of intrnsity, one along the length and one 
perpendicular to the plane of the tape, 
these components not nrcessarily being 
in phase. Both longitudinal and pcrpcndi- 
cular componrnts of intrnsity will be 
formed in the slave by rach of the com- 
ponrnts of the master. The short analysis 
givrn in this article will deal only with the 
longitudinal components of both master 
and slave. This simplification leads to 
predictions of the properties of the print- 
ing phenomenon which are little different 
from those obtained by considering both 
componetits in mastrr and slave. 

I t  will be assumed that this longitudinal 
magnetisation is constant over the cross- 
section of the magnetic medium of the 
master. This is not strictly true, for the 
recorded intrnsity must be of greater 
magnitude near the surface which was in 
contact with the recording head. How- 
ever, it is clear that a layer which has a 
magnetic intensity which decreases 
through its thickncss may be replaced, 
for analytical purposes, by a thinner 
layer of equivalent constant intensity 
over its cross-section. This substitution 
implies that the slave layer on one side 
of the master tape may be at a slightly 
different effective distance from the 
master than the slave layer on the other, 
so that if the intensity of printing is a 
function of distance from the effective 
master a diflerence of level may be 
expected betwcrn pre-prints and post- 
prints. Thr value of permeability used in 
the calculations is another factor of 
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importance. The permeability of most 
tapes docs not much exceed three for nor- 
mal recording conditions. However, 
under the conditions encounterrd in 
accidental printing we are concerned 
with the initial region of the rnagnetisa- 
tion curve of the material, whrrr the slope 
of the intrnsity rise is small and the 
permeability is probably nrarer unity. 
This allows of considerable simplification 
of the ficld calculations, for boundary 
effccts between magnetic coating and 
plastic backing may be neglected when 
the permeability is approxirnatcly equal 
to unity. Now the relative levels of record- 
ed and printcd signals obtained in practice 
are such that it is unlikely that poles 
created in a slave will appreciably affect 
the magnetisation of the master. It 
follows, thercfore, from the last two 
assumptions that the field from a single 
length of recorded tape will remain 
unaltered if other lengths of tape are 
reelrd alongside it. 

I t  will be further assumed that the 
mean induced magnetisation in the slave 
tape is proportional to the field along a 
line through the centre of its magnetic 
coating, parallel to its length. This should 
not lead to much error provided that the 
magnetisation induced in the slave may 
also he considrred substantially uniform 
over a cross-section. Both recorded and 
printed magnetisation are then of the 
same kind, and any losses occurring in 
the replay chain must be identical in the 
two cases. The magnetisation of a slave 
tapr should be effectively constant over 
an appreciable part of its width when the 
separation between master and slave is 
vrry small in comparison with the width 
of the tape. This is always the case in 
practice since printing between layers 
srparated by more than three or four 
intrrmrdiate laycrs is not of interest. 
Similar remarks apply to the uniformity 
of magnetisation through the thickness of 
the slave tape as were made in connection 
with the master tape, except that the rate 
of decrease of magnetic intensity with 
thickness will not be so large as in a normal 
recording. 

9 
Fitially, self-drmagnetisation of the 

slave drir ing the printing procms will be 
ignorrcl. ?‘he results of the detailed 
analysis indica tr that srlf-demagnetisation 
of thr slavr will, in fact, be small over the 
range of wavelengths considered when 
the permcability of the tape is low. 

Printing Field from Lotigiltmdi?znl 
Recorded Magnetisation 
Fig. I rrpresents two parallel lengths of 

magnetic tape of width zW, each with a 
thickness of magnetic medium zc, and 
separated by a distance d. Let right- 
handed axes, x, y, z be. set up with Ox 
lying along the centre line of the lower 
tape (the slave) parallrl to its length and 
O y  perpendicular to the plane of the 
tapes. 

Let the intensity of magnetisation of 
the master be of the form 

In‘ .I, = J, sin - (le 4- a) 
where J, is uniform throughout a cross- 
section of the magnetic medium, j, is the 
peakvalue of intensity, and X is the wave- 
length of the signal recorded on the tape. 

I t  is required to find the longitudinal 
field, €I,, at points along the x axis (the 
centre line of the slave). This can be 
accomplished in several ways, but it is 
perhaps most interesting to evaluate the 
field directly from the distribution of 
magnetic poles along the master tape. 
The master magnetisation possesses a 
volume density of pole p, where 

dJx 
p = - divJ, = - - 

dX 

h 

................................ 
..................... & ..~. ......... 

. . .  ,!i x- ==L~{,,, -Jqi 
SL.VE 

/ v’ 
Fig. I 
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(1)  
2n 2n 

A A p =  - - J, COS -- (X -1- a) . . . . . . 
I .  I he master magiictisation possesses no 
surface polcs since thrrc are no compon- 
ents of magnetisation normal to thr sides 
of the tape. 

The magnetic pole contained in a 
volume element of the master sitiratcd at 
the point ( x ,  y, z) is therefore p. 8 x 8 ~ 6 ~ .  

element is SH, where 
The  field at  !!!e nrigiz dtic tii this 

p. GxGyfiz fi?I ~ 

ra 
and r = J(xa 4- y2 -1 22)  is the distance 
between the eleirient arid the origin. 

The longitiitlinal component of this 
field is 6Hx, where 

p. x. GxSyGz - - 
rn 

8 being the angle between rand the x axis. 
'Jhe total field at 0 is ohained by 

intrgrating over the voliime of the master 
tape. 

By making one small approximation 
which involves nrglccting ya in compari- 
son with W2, the integral can be reduced 
to the form 

* 2n a 
A (2) €Ix = H, sin - - - . . . . . . . . . . . . 

come from elcments of tape in thc range 
-W+x< W, and tlirrrforp 

W 
d(x* p i )  2 1 

Wiiq approxiniatinn IS of coIrrse eqriiva- 
lent to  assuming thc. inastrr tape to be of 
infinite width. 

Now thc smallest valiw of d which will 
be of intrrrst in acc-iclcrital printing will 
br rqiial to the overall thickness of the 
tape, and this for normal coated tapes is 
of the order of ten timrs c ,  the thickness 
of the magnetic mctlium. 'J'hercfore the 
maximiini value of zcx/(xa 1 d2 -- c3) will 
ncvrr be g ra t e r  than about 0.  I ,  and 

Making these approximations equation 
(3) I)ecolnes 

This expression can be evaluatcd by 
means of a contour integral transforma- 
tion which gives a solution 

On% 

H x = 2  p. tan-' - ___ 2cx dx H, = -r. .f,. exp [+~] . . . . . (4) I - ca d ( ~ '  + W') X' .f da - C* The complete expression for the longi- - 
Sirhstitnting for p from equation ( I )  and tudinal field near the tape is then 

. 2 n a  exp [I+!] sin - . . ( 5 )  putting tlie reniaindrr of the terms in the Hx __ 8n'c .rx. - integral equal to f(x), we have A A 

2 n  The Printed Ahgnetisntion H, = - - f (x) J, COS - ( x  -1- a) dx A Now suppose that the remanent value 
of the intensity of magnetisation induced 5) .Jx cos -- cos - dx in a slave a t  a distance d from the master 
will be of the form 

+ - f ( x )  .I, sin __ 2 n a  sin 2nx -- dx J: = KH, 
-co A A where K is related to the susceptibility of 

Rut sin& f(x) is an odd fiinction, the first the magnetic medium. From equation 
of these integrals is zero, so that (4), therefore, the ratio of the peak 

printed magnetisation, J,, to the peak 
recorded magnetisation, .Ix, is 

--03 

2n 6 2nU 2nx = - Jr A A 

' I  

2 nx 

A . exp [F] . . . . . . . (6) 
Thus the longitudinal field component j: 8n'cK 
is of the form - 

j x  
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?'his will be taken also as the ratio of the 
reproduced outputs of the printed and 
recorded signals. 

Thus, for a given tape: sperd, the 
approximate analysis shows that the 
ratio of printed to recorded magnetisation 
should first rise with frequency at  ap- 
proximately 6 db/octave, reach a maxi- 
mum, and then decrease rapidly as the 
frequency is raised still furthcr. By 
differentiating Equation (6) and rquating 
to zero it may be shown that the maximum 
occurs when A = 2nd. At a given frc- 
quency, the print level should decrease 
exponentially with distance from the 
master tape, the attenuation per layer 
being proportional to the frrquency. l h e  
family of curves in Fig. 2 shows the cal- 
culated variation of print level with wave- 
length on the tape for a series of values of 
d, the scparation between the tapes. 

EXPERIMENTAL INVESTIGATION 
Method of Measurement 

I n  an investigation of accidental print- 
ing, one of the main difficulties is in 
measuring printed signals which are 
more than 50 db lower in level than the 
recorded signal, but are closely spaced 
about it on the tape. A method which has 
been used to overcome this difficulty is 
to record the master signal on a strip of 
tape, to stretch this strip in contact with 
an erased strip over a drum and, after 
a certain time, to measure the level of the 

signal printrd on to thc erased strip. The 
measriiement of the print will normally 
mran joining the printrd strip of tape 
into a reel or loop and running it past 
the reproducing hrad of a recording 
machinc or loop tester. 

This procedure is rather laborious and, 
moreover, does not correspond very well 
to practical conditions. In  particular, 
there is bound to l)e an appreciable time 
drlay between the scparation of the 
master and slave strips and the replay of 
the printed signal. Thr present investiga- 
tion shows this to be a factor of considrr- 
able importance. 

In the mrasurrmcnts described here a 
new mrthod of test was used, a short 
mastcr strip of tapr, on which a signal 
had been recordrd, being wound into a 
reel of (slave) tape on the recording 
machine. Strips approximately six inches 
long were used, and each strip was wound 
into the reel (normally about two-thirds 
full) on the left-hand spool of a recording 
machine hy carefrilly inserting its end 
and then spooling back in the normal 
way for approximately ten srconds of 
playing time. On replay, static charges 
usually caused the master strip to adhere 
to the slave tape as it left the reel, but 
by placing a tape guide in an appropriate 
place, the strip was ejected before it 
reachcd the heads, so that only the printed 
signals were replayed. The system is 
illustrated diagrammatically in Fig. 3. 

The insertion of a 
master strip in a reel 
of tape simulates the 
observed practical con- 
dition ofprinted signals 
occurring before and 
after the master signal. 
The relative magnitude 
of both series can then 
be measured almost 
immediately in the 
absence of the master 
signal. 

The output of the re- 
01 bo corderwasfed toavalve 0001 0 0 1  

WAVtCENGTH IN INCHES 

Fig. 2. Variation of print level with wavelength for various tape separations voltmeteror pen (level 
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scooL prints in the second series (post-prints). 

Delays of this order were found to have 
negligible effect on the level of the major 
prints, and so the initial replay could, for 
most purposes, be considered to take 
place instantaneously. 

With longer delays, however, the 
effect on the level of print was very 

USAD mm tmnv svlltM marked, and it was found that the level 
~ i g .  3. ivicthd ol'creating accldenlal prints decreased with time. This effect has been 

investigated in some detail by Lippert.' 
recorder through a system of band-pass It is illustrated in Fig. 4, where the ob- 
filters which reduced background noise. served decrease in the level of a first- 
The master signal was a pulse of tone of layer ]-kc/s printed signal on Tapes A 
just over 0.2 seconds duration. On re- and B is plotted against time. Measure- 
playing at  a tape speed of 30 inlsec. the ments were made at  various intervals 
printed signals were spaced approxi- after the release of the master strip by 
mately I second apart, the spacing vary- spooling back and replaying as required. 
ing according to the position of the master When the reel and master had been stored 
strip in the reel. Measurement of the for only five minutes, the level of print 
level of successive layer prints was there- fell considerably on successive replaying: 
fore difficult, and except when the valve after one minute the drop in level was 
voltmeter was replaced by an automatic 6 db, after five minutes the total drop was 
level recorder only the strongest of the g dh, and the level was still decreasing 
series of prints was measured. after sixteen minutes. As shown in the 

Most of the tests were made at I kc/s figure, the time decreases given by the 
on a reel of low-coercivity coated tape low-coercivity Tape A and a commercial 
(designated Tape A) using a tape speed high-coercivity Tape 13 were almost 
of 30 in/sec. (76.2 cm/sec.), but tests identical. The results (Fig. 5) of similar 
on a high-coercivity Tape B and another tests made when the reels had been stored 
low-coercivity Tape C were also made, overnight show that the decrease of level 
where necessary, for comparison pur- with time was still appreciable, but less 
poses. The 'peak level' referred to in the pronounced than liefore. Even in this 
tests on these tapes was the highest level test, however, it was found that the level 
that could be used without producing was still decreasing, though very slowly, 
more than 3 per cent. total 0 

harmonic distortion. Unless 8 
otherwise stated, the reels were 
wound with the magnetic coat- 
ing outside. 

L l l l  lum IPcoL 

Time-Decrease of Pr int  IntensiQ 6 

In  the method of test used, 
the time intervals between the 
separation of the printed layers 
from the master magnetising 
field and the initial replay were 
approximately 0.5 seconds for 
the first series of prints (pre- 

2'5,  3'5 . . . seconds for the 

4 

'2 

Fig. 4. Time-decrease of print level after short storwe 
prints) and approximately I -5, REPLAY OF PRINTED SIGNAL 



after srvrral lioiirq. The in i t ia l  Irvcl of 
the pt ints resulting from ovci iiiglit storaj;r 
was, not rlrirxprctedly, higher t1t;iri tltat 
after only five niinutrs storagc. ‘I Iir rfliv-t 
of storagr time on printing is d c w t  i lwt l  in 
more detail later. 

Experiments were next madc to check 
whethrr the phrnomenon of a tinic- 
decrease of intensity was prcitliar to the 
printing of a signal on a t a p  or whrther 
it also occurrrd when thr signal was 
recorded on a tape in the normal way. 
These experiments were madr on a 100p 
tester, on which a recordcd signal of short 
duration could he replaycd a fraction of 
a second after being recordcd and, sub* 
sequently, replayed automatically a t  jus t  
under tlirec-second intervals. 

At normal output lcvels, recorded with 
or without high-frequency bias, the  die- 
away was less than 0 . 2  dli and took place 
in the first five seconds. With a lrvel on 
the tape of the same order as that occur- 
ring in printing, however, the rrsults 
obtained depended upon whrther or not 
bias had been used. An unlhssed signal 
showed a fall in level of even greater 
magnitude than that shown by a printed 
signal, but when bias was used and the 
recording level decreased to give the same 
output level, the die-away was only 0 . 2  
db. The results were substantially inde- 
pendent of frequency. Thus it appears 
that a fall in the level of a signal with time 
occurs also when the signal has been 
recorded in the normal way, but the h11 
is only appreciable (on a decibel scale) 
a t  very low rccordcd levels or, more 
precisely, a t  low valurs of total (signal 
plus bias) recording head flux. 

, l / / ~ t r i i c r / i n t i  p t  I , q w  of 1’t rn/rd 1,iiiel 

‘1 Iiv O I I W I  vcd tlcctr,iw oI t h r  lc.vcl of a 
I-kc /s printi t l  siqnal witli cli\iniicr fiotn 
the tnastrr is shown in Iig. 6 ,  togethrr 
with the c ~ l c i ~ l ~ i t ~ d  tlt.crwsv. ‘l‘he de- 
ctrasc‘ of 1cvc.l with distanw a t  this fre- 
q i i m c y  was very nrarly exponential and 
r q w l  10 approxim;itc.ly 4 dl1 per layer. 
Withiii c-upcr iirictital rrior tlic theory and 
nirasiirc>mcrit of this c f lc~t  air in com- 
plctr : I ~ I  wiri~nt. As would be expected 
from tlir throry, however, the decrease 
i n  lcvrl with styaratioii was found to 
dcpentl vet y greatly upon ft eqilcmcy; a t  
low ftc.cliicticics i t  was quitr sniall, but a t  
frrqitrncies tnuch almve 5 kc/s thr de- 
crrase i n  level per layer was so large that 
only the first-1ayc.r pi ints were measur- 
aljlr. ‘Ihis is illustrated hy lrvel-rrcorder 
records which arc shown in Fig. 7. 

‘To ;I ssis t i t i  ti is t i I iguisl ii ng bc tween the 
pi r-pints arid post-pi ints, a low-level 
signal of shot t duration was put on to the 
t a p  brrorc inserting the riiaster strip in 
thr recl. ‘lliis signal was so placed that, 
on rrproductioii, a marker would appear 
on thr lrvrl-recorder record midway 
brtwern thr two sets of pints. This can 
hr observrd on the traces shown in the 
figure. 

I t  is also cvidcnt from the level- 
recorder test that tlic Iayrrs on eithcr side 
of tlir tnasirr strip do not give the same 
measured lrvel of print on rrproduction. 
One reason for thiq, the non-uniform 
magnetisation through the master, has 
bcen discussed in the theoretical con- 
sideration rat lier in the article. Other 
factots will, however, affect the rrsult in 
practice. For instance the actual intrnsity 
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akch 

Fig. 7. Records of printing at various frequencies 

of magnetisation printed on to thc slave 
layers will also not be quite uniform over 
the whole magnetic layer. I t  is to be 
expected that the intensity will be greater 
in that part of the slave tape nearest to 
the master. Fig. 8, which illustrates this 
point, represents three adjacent layers of 
tape. The various magnetic coatings are 
designated C I ,  C2, and C3, and the 
associated backing of each layer, Br, B2, 
and B3. Suppose that a signal has been 
recorded at  normal level, with bias, on 
C2. The intensity of magnetisation associ- 
ated with this signal may be assumed to 
decay through the thickness of C2 away 
from the recording head. As pointed out 
previously, such a master tape may be 
replaced, for analytic purposes, by an 
equivalent tape ofconstant magnetisation 
which will be effectively further away 
from the coating C3 than from coating 
CI. When printing takes place, however, 
the greatest intensity ofprinted magnetisa- 
tion in CI will be adjacent to its backing 
BI, while the greatest intensity of printed 
magnetisation in coating C3 will be 
nearest to its surface. In absolute units 

the maximum intensity in CI, which is 
nearrr the ‘equivalent’ master, may be 
larger than the maximum intensity in C3. 
When thrae two layers pass the reproduc- 
ing hc-ad, however, the region of maxi- 
mum intensity in CI will be further 
removed from the reproducing head than 
will the maximum intensity in C3. The 
effect on the reproducing head will 
diminish as any given maximum intensity 
passes further from it. 

There are thus two opposing considera- 
tions which will determine whether CI 
or C3 gives the greater reproduced level 
of print. The conditions shown in Fig. 8 
would result in a reduced printed inten- 
sity in C3 but a greater relative effect on 
the replay hcad. At the same time the 
intensity induced in CI will be larger 
but its effect on the reproducing head less. 
It is not easy to predict the final outcome 
in all cases, but it is clear that pre-prints 
and post-prints are unlikely to be equal. 
It is probable that the effect ofseparation 
from the replay head is of greater im- 
portance, and this factor indicates that 
C3 should give a bigger reproduced level 
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Fig. 8. Induced magnetisation in adjacent layers 

than Cr. Either CI or C3 may be played 
first by winding the tape so that the 
coating is facing either outwards or 
inwards. Fig. g shows pen records of pre- 
prints and post-prints lbrmed by winding 
the tape in these two ways. Clearly the 
relative magnitude of the two sets depends 
on the winding convention adopted. The 
experiments indicate that the difference 
is not as great, and does not vary so 
much with wavelength, as would be 
expected from reproducing considera- 
tions alone. The result is probably 
affected, therefore, by the non-uniform 
intensity of magnetisation through the 
master tape. 

An examination of several records 
similar to those shown in Fig. g showed 
that an average difference of approxi- 
mately 2-3 db existed between thc two 
sets of prints at the frequency of test ( I  
kc/s). There seemed to be little evidence 
that the slightly different time delays 
between the separation of master and 
print layers for pre-prints and post- 
prints affected the results to any extent. 

Relative Frequency Reskonse of Printing 
Experimental results for the print 

levels on the first four layers at various 
frequencies are given in Fig. I 0. In making 
the master strips for these tests, the 
recording level was adjusted to give the 
same reproduced level a t  each frequency, 
and the level of print was measured 

15 

relative to this repro- 
duccd IC-vel. ‘I’he theo- 
retical curves (based on 
Equation 6) are also 
shown in the figure. 
The agreement be- 
tween experiment and 
thcory is obviously 
fairly close. 

Eyed of Coating 
Thi6knes.r 
l’he influence of 

coating thicknew on 
print level was de- 
termined by making 

measurements of the first-layer acci- 
dental printing on two reels of low- 
corrrivity tapr, one of Tape A, and the 
othw of Tape C, which has nearly twice 
the thickness of an identical coating 
mate1 ial. The signal-to-print ratio ob- 
tained from Tape C was of the order of 
4 db worse than that obtained from the 
normal Tape A. This increase of print 
Iwrl with increase of coating thickness is 
to be expected from the previous discus- 

MARK- LNC 

I 

Fig. 9. Records of magnetic printing for different 
spooling arrangements 
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sion. The original recorded magnetisation 
on the tape is not uniform but decreases 
through the thickness of the magnetic 
coating. In  fact for normal recording 
with bias it may be shown that a thickness 
of coating much beyond the present limit 
gives rise to olily a small increase in 
reproduced levcl for the same recording 
level. In accidental printing, however, 
aithough a similar kind ofnon-uniformity 
is present, the magnetic intensity distri- 
bution docs not fall away so steeply. At I 

kc/s, for instance, the print level should 
vary by only about I db from one surface 
of the slave coating to the other. Conse- 
quently an increase in coating thickness 
should result in a larger comparative 
increase of print levrl than of recorded 
level. In other words i t  should r c d t  in a 
worse value of the signal-to-print ratio. 

Effect of Storage Time 
The variation of the initial level of a 

printed signal with storage time is shown 
in Fig. 1 I .  The master strips were recorded 
with peak levcl at I kc/s, and the level of 
print was measured in db  below peak 
output level. 

For storage times of less than 30 

overnight storage the decrease in the 
print level after separation from the 
master was, however, still considerable, 
dropping by 5 db during fifteen minutes. 
Thus, if the overnight prints measured in 
the test on storage time had been left for 
fifteen minutes, their level would have 
dropped to -58 db. 

W!xn z rccoidiiig is rnaue in practice, 
it is normally spooled back from the 
take-up spool before storing. On play- 
back, therefore, the comparatively high- 
level prints resulting from storage are 
replayed at thcir initial level. An im- 
provement might be made if the recording 
were stored on the take-up spool and 
spooled back shortly before the playback 
was due to take place. The high-level 
prints rcsulting from storage would then 
have time to fall off appreciably before 
replay. The prints occurring on the left- 
hand spool during this time would be 
replayed at their initial level, but this 
would not be so high owing to the small 
storage time. The improvement men- 
tioned ahove could be only of the order 
of 5 db, but when the printed signals are 
near the noise level, the masking effect 
of the latter is such that a change in the 

. .  

u 

minutes the level of 
pr int  was approx- 
imately -58 dh rela- 
tive to peak level (8 db 
above the normal level 
of background noise). 
After an hour the level 
rose to -55.5 db, and 
on leaving the reel 
overnight the rrsulting 
initial level of the print 
was -53 db. Further 
storage caused only a 
small increase, the levcl 
of print after threedays 
being -52 db (14 db 
above background 
noise). 

Another effect of 
storage was to make 
the printed signal more 
stable. Even after 

FWOt)ENCY IN C K L E S  PFR SECOND 
Fig. IO. Frequenry characteristic of accidental printing 
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Fig. I I. Increase of print level with storage 

had been spooled at a high or 
, at a low tension. I11 practice, 
" therefore, the spooling tension 

is not likely to be a very impor- 
tant factor as long as it is kept 
within reasonable limits. The 
influence of tension on printing 
is probably a magnetostriction 
effect. Applying a tension to the 
tape could cause a condition of 
crystal strain to be set up which 
can act as a kind of bias in the 
printing process by allowing the 

a more permanent set. Thevery 
small differences in the seDa- 

level of printing of 5 db may make all 
the difference betwecn the printing being 
inaudible or troublesome. 

Efect of Master Leut1 
Fig. 12 gives the variation of t+ levd 

of printing with the level of a I -kc/s signal 
recorded on the master strip. The graph 
shows that, over the range tested, the 
relationship was approximatrly linear. 
I t  would seem, therefore, that the effects 
of printing cannot be lcssened to any 
extent by an alteration in recording level. 
The only result of lowering the recording 
level would be to increase the masking 
effect of background noise. 

Efect of Spooling Tension 
Changes in the level of printing were 

found to occur on varying the spooling 
tension, and the results are shown in Fig. 
13. The initial level increased less than 
3 db on raising the spooling tension from 
I oz (28 gm) to 12 oz (340 gm), but the 
corresponding change in the level 
measured three minutes later was 5 db. 
This variation in the time-decrease of the 
printed signals is shown more clearly by 
Fig. 14. 

These tests were made after the reel, 
with the master strips inserted, had been 
stored for only five minutes. On storing 
the reel overnight it was found that it 
made little difference whether the reel 

rations between layers likely to 
rise from changes in tension cannot account 
for the observed variation in the level of 
printing. 

The results given in Figs. 13 and 14 
were obtained by spooling hack by hand 
against the brake on the take-up spool 
of a recording machine. Thr  resulting 
tension in the tape could thus be adjusted 
quite accurately by varying the pressure 
of the brake. In these tests only the reel 
itself was spooled undrr tension : the 
tension in the master strip was nominally 
zero. If the explanation of the effects is 

Fig. 12. Increase of print level with recorded level 
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Fig. 14. Effect of tape tension on time decrease 
characteristics . 

on the linrs givcn, however, this should 
not aKect the results obtained. The 
printing process occurred in the reel, and 
the master strip servrd mrrrly to provide 
a magnetic firld, the magnitude of which 
would be urilikrly to alter appreciably 
with tension. 

The level of printing was found to be 
sul)stantially indrprtitierit of the p i t i e n  
of the rnastrr strip in the reel. Strips were 
itisertrd at intervals throughout a reel, 
which was then left for approximately 
one hour before the prints wvre replayed. 
The rrsults obtained were constant to 
within f I db. 

Effect of Temperature 
An approximate measure of the extent 

to which printing was affrcted by tem- 
perature was obtained by using trays of 
ice to cool the reel on the machine and a 
stream of hot air to warm it. I n  both 
tests, the reel and master strips were 
allowed to reach a steady temperature 
beforc making a test. When this condition 
was reached, part of the reel was run off, 
thr strip was inserted, and the tape 
spoolrd back. The reel was then stored 
for five minutes at the required tempera- 
ture and finally replayed. 

The results obtained are given in Fig. 
15, and they show that a rise ofsome PO' C 
can increase the print level by 7 db. 
The values of temperature shown are, of 
course, only approximate. A thermo- 
meter was placed near the surface of the 
reel, and the mran temperatures of the 
tape wrrc probably rather nearer to room 
temperatiire than the values measured. 
This would mean that the true increase 
in the level of printing with temperature 
is even greater than that shown. 

Efect  of an External Magnetic Field 
Experiments were m,ade to determine 

how the level of printing varied with an 
externally applied magnetic field. The 
mrtlrod used was similar to thatdcscribed 
for the tests on the effect of temperature. 
The reel was stored for a total of five 
minutes, during two minutes of which it Fig. 15. Effect of tempexatwe on print level ., 
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was rotattd i i i  a ca1il)rated 50-c/s mag- 
netic field. The remaining time was re- 
quired to transfer the reel 1)etween the 
machine and source of field. 'Lhe results 
are given in Fig. 16, arid show that the 
increase of the level of printing became 
quite considerable for fields greater than 
approximately 5 oersteds. I t  is very un- 
likely, howt-ver, that stray fields of this 
magnitude would be encountered in 
normal recording premises. 

ALLEVIATION OF ACCIDENTAL PRINTINO 
Stabdig of Recorded and I'rintpd Signals 

The experiments have indicated that 
the magnetisation associated with a 
printed signal is much weaker, and of a 
far less permanent nature, than the 
magnctisation produced by recording an 
audio signal with h.f. bias in the nornial 
way. I t  is to be expected, thrrt-fore, that 
a printed signal will I)c more easily erased 
than a recorded signal, and this might 
provide a simple method of reducing the 
relative level of unwanted to wanted 
signal on replay. The experimental in- 
vestigation was therefore extended to 
establish whether tlie application of a 
small erasing field would apprecial>ly 
reduce the level of printing without 
seriously affecting the master signal. 

Relative Ease of Erasing 
An experiment was first made on Tape 

B and Tape C using a normal erasing 
head supplied with various values of 1i.f. 
current. I t  becamc evident that, for a 
comparatively small reduction in master 
levrl, the print level on both tapes cotild 
be considerahly reduced by controllrd 
erasure. For instance, with an erasing 
current of 30 mA, Tape C showrd a 
reduction in I-kc/s print level of I O  dl) for 
a loss in master level of less than 2 dl]. 
'The effect was even more m a r k d  on the 
high-coercivity tape. With this tape, for a 
loss in master level of 2 db, the print 
level was reduced more than 14 db, and a 
Io-dh reduction in print level corres- 
ponded to a ncgligible loss in master 
level. 

r m l  VCLUE OF EXlEINAL 50JI  FIELD IN OERSlE06 
(IEEL S l W E D  Ax( 5 MNUIES) 

Fig. 16. ENect of external magnetic field on print 
level 

The printed signal in these first tests 
was the result of overnight storage. The 
experiments on the influence of storage 
time on printing level make it clear that 
the printed signals become more stable 
tlie longer the recorded reel is stored 
before replay. Thus, if the reels of tape 
used in erasure tests are stored for several 
weeks, the relative reduction of printing 
may be less. Instantaneous prints, on the 
other hand, will be reduced considerably 
more in level. 

A very iniportant result is that after the 
initial decrease in master level caused by 
the first partial erasing successive applica- 
tioiis of the same erasing field result in 
little fur tlicr decrease. This implirs that 
a recording can be treated in this way to 
rcduce piiriting any number of times 
without entailing a cumulative series of 
lossm in recorded programme level. In  
practice the choice of the intensity of the 
partial erasing ficld must be a compromise 
betwccn the two conflicting requirements 
of maximum print erasure and minimum 
reduction in the level of the master. Apart 
from considcrations of the signal-to-noise 
ratio, too grcat a reduction in programme 
level will also introduce appreciable non- 
linear distortion, and i t  may also be found 
that the high frequencies are erased more 
than the low frequencies. 

The question of relative erasure of 
various frequencies is one of some com- 
plexity. The general tendency is for the 
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high frequencies to be reduccd more than 
the low, but the cffect is found to deprnd 
upon both the hcatl used to rrc:ortl tlic 
signal and the 1ic;itl used for partial 
erasing. Various conibinations of noini- 
nally identical Iirads, how eve^., give very 
different rrsiilts. Tlie plicnoineiioi1 ap- 
pears to be connrcted with tlie nnn- 
tlriiform distriljiition of  1 1 1 ~  rc:cord(d 
rnagnctisation tlirorigli tlic t;ij)r. At 11iqli 
lrcquencics i t  is known that thc: inagil(’tis:i- 
tion is ratlirr nini-e i:oiifiiird to t l t c .  oritrr 
surface of the rnagnrtic: inrtliuin tlian i t  
is at low frrqrirncies. ‘Ilius a n  rrasing 
field applicd from a Iicatl i n  cont;\ct with 
the outcr surface rnigllt I)r rxpc-ctrd 10 
aKmt a larger fraction of thr total 
magnetisation of t l ir :  high freqnmcirs. If 
this rxplanation is corrrct, i t  shnultl I)e 
possilde to niakt: tlir rrasure at various 
frrqiiencic-s niorc constant by rrisiiring 
that the erasing firlci is sii1)stantially 
uniform ovrr a cross-section of tlir tape. 
?‘his can I)r donr ljy srparatiiig the 
erasing head froin the t;ipc, by rrasiiig 
from the rcvrrst: side of tllc ta1w, or, Iwst 
of ;ill, I)y pissing the tape ~Iirniqli tlic 
ccntrci of sonie fi)rni of solriioirl t o  c;irry 
out the partial rr;isiire. All tlic.sc- riwtlio(ls 
havc 1,rcn trirtl, and ; i l l  g;ivc. Iwttcr 
results than thosr givcn Iiy an erasing 
head usrd in the norinal way. 

Figs. 17 and 18 show tlic rrsiilts 01)- 
tained using ‘I’apc C when partial waslire 
was carried out I)y means of R siniple sole- 
noid fed with 1i.f. current. For a given loss 
in master levrl, Fig. 1 7  sliows that tlie 
rrduction in the lcvrl of  a piiiitrd sign;il 
(48 hours’ storage.) was sliglitly grcxter 
than that ol)taincd usiiig it iiornial rrasc 
licad. A grriitcr erasure of Iiigh than of 
low frcqucncic.s in the rrcorded signal 
still occurrcd, brit i t  was not as grcat iis 
that generally ol)taiitrd using a iiormal 
erasing hmtl. 1;ig. 18 shows how tlic total 
harnioiiic distortion at various recordiiig 
levels was aflktccl I)y a partial er;isiirc 
due to a current of 65 rnA tlirougli the 
solcnoid. It can bo sccn that, over the 
normal working range of rec:ordirig levcl, 
the incrcase in distortion introduced by 

this ainoriitt of  pnrtial vr;iwrc was quite 
nrg1igil)le. Rrsults similar to thosc shown 
in ITigs. 1 7  and 1 8  wrrr ol)tainrd using 
t l iv  high-rorr civity ‘J’apr B, rxcrpt of 
coiii sr t h t  ronsidcra1)Iy highrr values of 
1i.f. cui rrnt wrrr ncctlc~l i n  tlw solenoid. 

lbastire qf an Unbiossed Rccord~d Signal 
I t  WRS i iotet l  rarlicr that a low-levcl 

si i I :I I r r c n  YC! rr! wi t ! I:::: t 1; i RB dioti;iA 
siini1;ir instability to that sliown by a 
priiitc:tl s ipia] .  It  has  ;tlso I)ecm folird that 
i t t i  iiii1)i;issccl recortlctl signal, like a 
prititcd sigiial, is mrich more readily 
ri.:iscd t Iian :I binsscd recording. This is 
showii 1)y the fdl-linc curve in Fig. 19. 
‘l*lic dc.crc.;isc in  the 1cvc.l of tlic unl)iassed 
signal was wen niorc rapid than that of a 
1)riittcd sigli;iI, possiI)Iy I)ecause the 
iinl)i:issctl sigI1:il Iackrrl tho staldity that 
;I pi-irrtcd sigiial can gain with several 
h O U l 3  of st0r;igr:. 

1t is also of interc:st to know whether 
t I iv  wine dcgrce ofrrasurc ofan unbiassed 
sign:il w i i  1)e o1)t;iincd in t h e  presence of 
R iioriiially rc:cortlrd signal. ‘I’his would 
i i i < l i c i i t t *  wlic-tliri. a print suprrposed on 
1);i r t  of tlir 1n:tstc:r rwortling could be 
ciisily c*r;iscd, or whctlier the master 
iniglit act RS ;i 1)i:is i n  tlir printing process. 

Fig. 17. k h t i v c  er;ivire of recorded arid printed 
signals 
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Fig. 18. Effect of partial ezamrr on the total 
harmonic distortion at I kcls 

The test on the unlhssed I-kc/s signal was 
therefore repeated using a tape on which a 
Io-kc/s signal had already Ijecn normally 
recorded at zero level. On  replay, the 
level of the 1-kc/s output was nieasured 
through a Ijand-pass filter which elimi- 
nated tl\e Io-kc/s reproduced signal. As 
shown Ily the dotted curve in Fig. 19 the 
results obtained were, within cxperi- 
mental error, identical with those oh- 
tained in thr first test. 

CONCLUSION 
The theoretical arid experimental con- 

clusions of thiq investigation are in agrre- 
ment that the level of accidental printing 
which may take place between oni: 1,tyc.r 
and another depends on the rrcordrd 
intensity and wavelength of the original 
signals and on the separation betwcwi the 
layers. T h i i ~ ,  f i ~  R given m:ikv of tape 
rrcoitlcrl ;it a vliosvn sl)rctl I l im v i.: winc 
fi c’rliieiicy which qivvs a mrixiiniiin 1rvc.l 
of  ;icci(lrnt:il I ) t i i i l i i i g ,  . i r i f I  if t l i v  pro- 
gramme recorded, IN= i t  eilticr nirisic. oi 
spcw-h, has a large freq1it.rIcy contriit of 
this value, printing will br cspc-cially 
noticeable. ?‘he Ievrl of priiiting is well 
below that of the mastrr rccoidcd sigrial 
in noimal circumstanccs, and hrncc i t? 
audibility is particiilarly depcntlrnt iipon 
the general level of 1)ackgiound noise. As 
tapes and recording systrrns become 
quieter the effects of accidental printing 
may become more irritiit ing unless 
effective alleviation is possible. ‘l’he 
experimental results are in aqreenieiit 
with earlicr findings that the level of 
accidental printing increases with the 

tcmpc-rature at which the tapc is stored 
and with the intensity of alternating 
magnetic fields to which it may be 
accidentally exposed. Of these two factors 
the important one is that of temperature, 
and this should Ijc a first considcration 
in thc allrviation of accidental printing. 
Clearly, recorded tapes must be stored in 
cool surroundings, and recording 
p i  cmises sliould not be maintained at 
higher tempcraturcs than are necessary 
for comfort. 

‘I’he invrstigation has revealed the 
importance of the timc-decrease of levrl 
which takes place in  the accidrntal print 
after it is rrmoved from the field of the 
rnaster signal. This loss of level will be 
obsciired by any experimental technique 
in which the print is mcasured some time 
after separation from the master. The 
time-decrrase of lcvrl shows that the 
printcd signal is ratlirr unstable in com- 
parison with the normally recorded 
mastrr, and this lcadq to a fairlypromising 
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method of accidental print alleviation. 
By the use of h.f. partial erasure on rcplay 
it is possil)lc to remove much of the 
printed signal without losing an tin- 
acceptable pcrcentage of the intensity of 
the master recording. Neverthrless, this 
process must be carried out with care, 
and its efficacy varies according to the 
time for which the recordrd tapr has lieen 
stored. Using a normal erasing head the 
relative wipe of high and low frrqiirriries 
is usually unfavourable to high frr- 
qucncies. T h e  most consistent 1x11 tial 
erasure which has yet been discovered 
here is provided by the field of a sirnple 
solenoid of suitably small cross-srctional 
area through which the tape is made to 
pass. 

However, the audible effect of applying 
a partial erasing field to a badly printed 
tape can be very marked. The prints can, 
under the best conditions, be reduced 
well below the limit of intelligibility, and 
the effect immediately noticealdr is one 
of reduction in the grneral I)ackgroiiiid of 
noise, the recording sounding drfinitrly 
‘cleaner’ in quality. In practice there 
seems to be no reason why a partial 
erasing head or solrnoid, providing a 
suitable field distribution, should not be 

permanently mounted on a magnetic 
recording machine, providing that it is 
plarrd Ijrfore the thrce conventional 
heads. Siicli a partial erasing head need 
not affect the rrcordirig of a new pro- 
grainrnc anti can often alleviate printing 
troiil)lcs to a marked extent wlieri replay- 
ing previously recorded rerls. l h e  final 
renirrly m?!rt, c?F ::o~rsc, ieji i i i  ihe 
clevelopment of magnetic tapes that are 
not sril).jcct to accidental printing troubles. 
Clearly the thickness of the magnetic 
metliutn should not be greater than is 
necessary to provide iiormal sensitivity, 
aiid the magiirtic medium itself should 
be insensitive to tlie low printing fields 
while showing normal sensitivity to the 
higher firltls of a correctly biassed 
recording head. 
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HIGH-STABILITY MAGNETIC TAPE 
FOR DATA-PROCESSING SYSTEMS 
The performance of high-speed information-sens- 
ing and data-processing systems depends on the 
reliability of the rnagnetic-recording-tape subsys- 
tem. Presently available tapes fail to provide the 
required degree of dimensional stability. Tests on 
a recently developed experimental tape-backing 
material, composed essentially of ultra-thin glass 
fabric impregnated with polycarbonate resin, indi- 
cate the feasibility of developing a magnetic re- 
cording tape which will be free from excessive 
elongation, permanent set, tearing and oxide flak- 
ing. Steps in the development of the improved 
tape are described and comparative data are given. 

MAGNETIC RECORDING TAPES currently used in high- 
speed information-sensing and data-processing equip- 
ment suffer from excessive elongation, permanent set 
and magnetic oxide flaking under severe operating 
conditions. This has become particularly apparent in 
military equipment. The flaking effect, for example, 
is increased under conditions of high humidity, such 
as those which might be encountered during field 
operations. Loss of magnetic oxide results in a loss 
of signal response. Figure 1 shows the separation of 
magnetic oxide in polyester (polyethylene terephtha- 
late) tapes due to elongation and humidity. In addi- 
tion to the usual mechanical tests, the fact that 
magnetic tapes sometimes elongate and acquire a 
permanent set may also be demonstrated by ap- 
propriate electrical tests. Such tests have indicated 
that efficient operation is adversely affected when 
magnetic tapes elongate over 6 per cent and retain 
a permanent set greater than 0.75 per cent. Jn order 
to overcome this deficiency, data-processing machines 
are required to operate slower than their maximum 
speeds. In some cases, it is necessary to add bulky 
mechanisms to decrease the tensile stress exerted on 
the magnetic tapes during high acceleration and 
braking. 

Military Requirements 

Since it is apparent that the physical and mechan- 
ical performance of presently available tapes has not 
kept pace with improvements of general electro- 
magnetic responsiveness and information-handling 
requirements of field data-processing systems, special 

criteria have been established for a satisfactory mili- 
tary-grade magnetic recording tape. These criteria 
are detailed in the panel on the next page. Essen- 
tially, they call for: 

0 Increased physical strength, a minimum of elonga- 
tion and permanent set and a maximum of dimensional 
stability. 

0 Minimal thickness to provide increased memory 
storage per unit volume. 

0 Optimum adhesion between backing material and 
the magnetic coating to obtain increased efficiency, life 
and reliability. 

Magnetic Tape Evaluation 
Comparative test data on representative specimens 

of commercially available magnetic recording tapes 
were obtained to provide a point of reference in deter- 
mining the amount of improvement necessary to meet 
military requirements in tapes. 

Tensile Characteristics. Table I shows the relation- 
ship between tensile stress, elongation and permanent 
set of representative regular polyester, tensilized poly- 
ester and acetate magnetic recording tapes. It will be 

Fig. 1 - Typical defects in best commercial-grade poly- 
ester-base magnetic recording tapes as tested by the 
Signal Corps in field digital magnetic-tape transports for 
computers and communications systems. (a) and (c) 
show flaking of magnetic coating under temperature and 
humidity cycling, tested under environmental conditions 
of MIL Standard 170, “Military Moisture-Resistant Test 
Cycle for Ground Signal Equipment,” and 2-hr operation. 
Tape speed, 150 in./sec; stop rate, 3 msec; temperature, 
84 F; RH, 95 per cent. (b) shows necking caused by ten- 
sile loading beyond elastic limit. Abrupt stop: tape speed 
of 60 in./sec. 
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Fig. 2 - Four types of magnetic recording tape exposed 
to temperature of 160 F for 240 hr. (a) is acetate tape, 
1/4 in. wide, 1.3 mil thick; (b) is tensilized polyester, 1/4 
in. wide, 0.98 mil thick; (c) is regular polyester, 1/4 in. X 
1.3 mil; and (d) is regular polyester, 1 in. X 1.3 mil. 

noted that all of these tapes have relatively high 
elongation when subjected to tensile stress over their 
elastic limit. This is particularly evident in the regular 
polyester magnetic tapes where the elongation under 
ultimate tensile stress is considerably over 100 per 
cent. 

Heat Resistance. To determine the effect of expo- 
sure to the elevated temperature which magnetic 
tapes are required to withstand in operation and 
storage, samples of the same tapes were exposed to 
a temperature of 160 F for 240 hr in an air-circulat- 
ing dry-heat oven. The results of the test are shown 
in Fig. 2. The ?4 -in.-wide regular polyester magnetic 
tape sample (c) retained perfect dimensional sta- 
bility. The 1 -in.-wide r e g n ! ~  ps!yeste: magnetic tapc 
sample (d)  showed slight longitudinal curling prob- 
ably due to the effect of heat on the magnetic coating; 
otherwise the sample retained good dimensional sta- 
bility. The acetate magnetic tape sample (a )  curled 
badly and the tensilized polyester magnetic tape 
sample (b)  curled, shrank and cupped. This test 
indicated that regular polyester magnetic tapes are 
the only commercially available ultra-thin plastic 
magnetic tapes which retain their dimensional sta- 
bility under exposure to 160 F dry heat. 

Humidity Resistance. To simulate some of the 
extremes of temperature and humidity encountered 
in field use, magnetic-tape transports were operated 
in environmental chambers in conformance with 
MIL STD 170 (Military Moisture-Resistant Test 

Criteria for Military-Grade Magnetic Recording Tape 

Thickness (backing and magnetic coating) : 0.7 to 
1.0 mil. 

Width tolerance: Tape edges shall be parallel so 
that the rate of change of width shall not exceed 
0.002 in. per 100 ft. 

Stability: The tape shall maintain dimensional 
stability by not curling, crinkling or cupping. It shall 
not deviate more than 1.5 deg from a flat plane 
when tested in conformance with Para. 4.4.6 of 
MIL-T-21029. Shrinkage or extension shall not ex- 
ceed 1.1 x in./in. at any RH up to 100 per 
cent at 75 F. The tape shall be free from edge 
splitting and raveling. 

Tear strength: The tape shall resist 15 gm at 75 F, 
35 per cent RH when tested in accordance with 
ASTM D689 (Plastics). 

Tensile strength: 36 lb ultimate strength longi- 
tudinal for I-in.-wide tape, 9-lb ultimate strength 
longitudinal for ?A-in.-wide tape and 13 lb/in. 
transverse. Elongation shall not exceed 6 per cent 
at ultimate tensile stress and permanent set shall 
not exceed 1 per cent under peak load when tested 
at 25 C and 50 per cent RH. 

Shock tensile strength: At least 0.59 ft-lb when 
tested at 70 F, 50 per cent RH per Para. 3.4.2 of 

Temperature resistance: Operating conditions -25 
to +140 F. Storage conditions -80 to +160 F for 
240 hr. 

MIL-T-21029. 

Humidity Resistance: Maximum moisture absorp- 
tion less than 1 per cent. 

Initial reliability: Each reel of tape shall be tested 
for freedom from permanent errors. The error of 
“dropout” is a loss of read-signal amplitude in which 
the level falls below 25 per cent of normal signal 
amplitude. This test shall be based on at least one 
full pass in each direction. The tape shall also be 
free of spurious noise output exceeding 10 per cent 
of full signal level when magnetized to saturation in 
one direction. 

Service life: Tape shall withstand at least 50,000 
bidirectional passes (25,000 in each direction) in a 
standard wear test. The wear test requires that a 
50-in. length of tape selected at any point in a full 
reel be cycled on a Digital Tape Unit Tester used 
in conjunction with an RD-224( )/TYK Field 
Digital Magnetic Tape Transport Computer Type. 
Speed of tape shall be 150 in./sec using NRZI 
recording and 300 bitdin. density. During the wear 
test, a continuous digital signal is recorded and 
reproduced. End of tape life shall be defined as the 
time when the signal error rate (signal falls below 
25 per cent) suddenly increases by several orders of 
magnitude or is greater than 1 part in lo5. In a typi- 
cal test, the error rate is zero with an occasional 
random few errors until end of life occurs. End of 
life is primarily caused by surface breakdown of the 
coating and caked oxide on the heads. 
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Table I - Tensile Properties of Magnetic Tapes 

Ib to break 
(average) 

Elongation at 
break, Per cent 

Characteristics 

Width, in. 
Thickness 

Tensile load. 
(approx), mils 

7.54 27.8 6.62 4.15 36 9 

169 117 32.6 19.18 6 or 6 or 

Type of tape backing 
I Tensilized I Cellulose I 

Reaular Dolvester I oolvester I acetate I Military requirement 

1.3 I 1.3 I 1.0 I 1.3 I 0.7-1 1 0.7-1 

I l l  I I less I less 
(average) 

Safe ooeratina 
tensile load - 
(approx), Ib I 4 1 16.5 1 4.0 I 3.4 1 35 I 8.75 

Cycle for Ground Signal Equipment). The complete 
test requires a total of five 48-hr cycles. Near the 
end of each cycle the magnetic-tape transports were 
operated at a tape speed of 150 in./sec and a stop- 
ping rate of 3 msec from 1 to 2 hr at 183 F and 
95 per cent relative humidity. The test was made on 
representative regular polyester magnetic tape, 1 in. 
wide with a nominal l-mil-thick backing such as is 
regularly used for Field Digital Magnetic Tape 
Transports, Computer Type, RF-224 ( ) /TYK. The 
extremes of temperature and the high humidity 
caused flaking in certain sections of the magnetic 
coating. [See Fig. 1 (a )  and (c).] 

Oxide Adhesion. Most of the information regard- 
ing the adhesion of magnetic coatings to magnetic- 
tape backing materials was gained from a study of 
the behavior of magnetic tapes before, during and 
after operations in such systems as field digital mag- 
netic tape transports, computer-type and satellite- 
type recorders and transmitters. To study the effect 
of prolonged operation on magnetic tapes used for 
field applications, a test breadboard was made con- 
taining electronic parts similar to those found in some 
transmitting and recording equipment. A representa- 
tive 34-in.-wide magnetic tape with a l-mil regular 
polyester backing was tested on this breadboard at a 
room temperature of 25 C and 50 per cent RH; the 
tape was given 14,000 passes through the recording 
and transmitting heads on the test breadboard at a 
speed of 30 in./sec. Continuous passage of the mag- 
netic tape caused flaking of the coating and distortion 
of the tape on the reel due to elongation. 

The physical and mechanical responses of mag- 
netic recording tape to humidity, heat and tensile 
stress are primarily functions of the plastics film or 
backing material. However, the adhesive coating 
which serves as the magnetic oxide carrier also affects 
the responses to some degree. 

There are two types of adhesive coatings on mag- 
netic tapes. The autogenous type is a solution of 
the same resin that is used in the backing material. 
The heterogenous type uses a different resin because 

the backing material is insoluble in all usable sol- 
vents. Heterogenous adhesive coatings are used on 
polyester tapes and are subject to flaking because 
their physical properties are different from those of 
the backing material. 

Film Evaluation 
A study of commercially available organic films 

and film-forming resins was made to determine those 
most suitable for the development of a high-stabdity 
reinforced-plastics backing material for magnetic 
recording tape. As a result of extensive evaluation, 
the polyester and the polycarbonate-type films were 
found to have the best overall properties for this task. 
Both types have similar physical properties such as 
good heat resistance, low moisture absorption and 
good flexibility under extremes of temperature, and 
neither of them contain plasticizers. Films without 
plasticizers are usually more stable over long periods 
of time. 

Tensile Strength. Results of tensile tests on poly- 
ester, tensilized polyester, acetate and polycarbonate 
uncoated films are shown in Table 11. Relationships 
between tensile stress, elongation and permanent set 
are shown in Figs. 3, 4 and 5 .  

Temperature Stability. Samples of the same un- 
coated films were exposed to a temperature of 160 F 
and 50 per cent RH for 240 hr. The regular polyester 
and polycarbonate films were unaffected. However, 
the tensilized polyester film curled and the acetate 
film curled and twisted, indicating poor dimensional 
stability under the referenced temperature and hu- 
midity conditions. 

Reinforcing-Yarn Selection 
The previously described tests on available mag- 

netic recording tapes indicated that significant im- 
provement could be obtained only by using a rein- 
forcement consisting of ultra-fine glass or saponified 
acetate fibers, or a combination of both. Glass fila- 
ments are the strongest reinforcing material for plas- 
tics. They have good dielectric properties and are 
available in many forms such as chopped strands, 
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Fig. 3 - Relations between tensile stress, elonga- 
tion and permanent set for polyester film and for 
polyester-film-backed magnetic recording tape. Film 
is 1 mil thick x 1 in. wide; tape is 1.3 mil thick 
x 1 in. wide. 
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Tensile stress,lb 

Width, in. 
Thickness 

(approx), mils 
Tensile load, 

Ib to break 

rovings, yarns and woven fabrics. Continuous multi- 
filament yarns combined with a low twist produce 
the thinnest and strongest reinforcement. However, 
continuous flexing of the tape during the high-speed 
operation of data-processing systems may cause loss 
of strength in glass-reinforced tape-backing materials. 
In order to overcome this problem, it was found 
advisable to use a softer, nonabrasive organic yarn 
which could be woven in conjunction with glass yarns 
to serve as a cushion for the glass to prevent glass-to- 
glass friction. 

Requirements were as follows: 1 ) thickness equal 
to or less than that of finest-size glass yarns, 2) ten- 
sile strength as close as possible to that of glass yarns, 
3)  extremely low elongation and permanent set under 
tensile stress, and 4) construction of multicontinuous 
filaments for maximum strength properties. 

Tensile, elongation and permanent-set tests were 
conducted on viscose, polyamide, cellulose-acetate, 
saponified-acetate, acrylic, polyester and natural-silk 
yarns. In addition, consideration was given to the 
effect that polycarbonate resins and solvents would 
exert on the yarns. As a result of these tests it was 
found that saponified-acetate yams had the highest 
tensile strength combined with lowest elongation and 
permanent set. Table I11 lists the results of the tests 
for both glass filament and saponified acetate yarn. 

1 1 1 
1 0.65 1 

25.7 25.3 15.5 

Table- !I - Tensile Properties of Uncoated 
Plastics Films 

1 
1 

19.0 

125 

Type of filn 

1 
0.5-0.7 

36 

6orless 

(average) 

tensile load 
(approx). Ib 

longitudinal. DSI 

Safe operating 15 

Tensile strength 25,700 

(average) 
Elongation at I 125.2 I 30 1 25.3 

15.2 12.8 

38,923 15.500 

break. Der cent I ! I 

(average) . I I I 

10.5 j 35 

19.000 60.000 

+@ 
Fig. 4 - Relation between tensile-stress elongation and 
permanent set for typical tensilized polyester film. (Ap- 
proximate thickness, 0.65 mil; width, 1 in.) 

Fabric and Weave Development 
A reinforcing fabric for high-stability tape should 

have a thickness of 0.7 mil or less in order to allow 
for an overlay film coating. It should have a high 
tensile strength of at least 40 lb lengthwise for a 
1-mil-wide tape, a safety factor of at least 4 lb over 
the 36-lb requirements. Other requirements include a 
strength of at least 13 lb/in. cross-section transverse, 
elongation under 6 per cent and permanent set under 
1 per cent. A very smooth surface is necessary for 
a perfectly smooth laminated film overlay and for the 
application of a smooth, polished magnetic coating. 

An ideal theoretical fabric construction for this 
task, which would more than meet these require- 
ments, was planned. It consisted of a woven fabric 
with at least 150 ends in the warp composed of 
No. 1800 multicontinuous-filament glass yams hav- 
ing a very low twist woven with a filling consisting of 
84-88 picks of either 12-denier multiconthuous-fila- 
ment saponified-acetate yarn, or a multicontinuous- 
filament glass yarn of a finer size than the No. 1800. 
This fabric was to be woven with either a 5-shaft 
satin or a 4-shaft broken-twill weave construction. 
Because available commercial looms could not weave 
No. 1800 glass yams in the warp, this weave was 
abandoned in favor of the following construction. 

A small experimental apparatus for making plastic 
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Table 111.- Data on Ultra-Thin 
Reinforcing Yarns Used in the 
Development of High-Stability 
Magnetic Tapes 

Property 

Size 
Filaments 
Twist 
Yards/lb 
Strength, Ib 
Elongation. 

Reinforcing Material 

Saponified acetate I Glass 

223,288 
0.31 0.18 0.39 
4% . -  

p i i  cent 
Thickness, mil I 0.39 1 0.25 I 0.30 

Best commercial 
grade available 
for military use 

I 1 

Table IV - Comparison of Experimental 
High-Stability Magnetic-Tape Backing 
with Best Commercial Grades 

USAELRDL 
experimental 
development 

0.7 

Property 

Thickness, mil 
Width, in. 
Ultimate strength, Ib 
Usable strength, Ib 
Ultimate elongation, 

per cent 
Ultimate permanent 

set. per cent 
Adhesion of 

magnetic oxide 

magnetic-tape backing material reinforcements was 
built at USAELRDL. (It utilized a patented method 
for constructing an unwoven fabric; the filling was 
layered on top of the warp. This method was devel- 
oped in earlier work on epoxy- or polyester-resin 
bonded glass-based filament-wound storage-battery 
cases) . Short-length experimental samples closely 
meeting the ideal construction were made; these con- 
sisted of over 150 ends per inch of No. 1800 multi- 
continuous-filament glass yarns in the warp and 80 
picks or cross threads of 12-denier saponified-acetate 
yarn in the filling. The experimental samples were 
made 1 in. wide and 10 in. long. 

An Instron tensile-testing machine was used for 
testing polycarbonate film reinforced with this mate- 
rial. Results were as follows: a longitudinal tensile 
strength at break of 62 lb/in. and a transverse tensile 
strength per inch cross section of approximately 
13% lb. The material had an elongation of 3% per 
cent and a permanent set of 95 per cent at 50-lb 
tensile stress. It had a thickness of 0.7 mil and had 
a very smooth face. Figure 6 and Table IV indicate 
that these results adequately meet the original objec- 
tives. 

To date, only short lengths of this material have 
been made on a laboratory scale. Preliminary tech- 
niques have been developed, however, which would 

e s 

Tensile stress,lb 

Fig. 5 - Relation between tensile stress, elonga- 
tion and permanent set for representative cellulose- 
acetate film. (Approximate thickness, 1 mil; width, 
1 in.) 

I (b) 

Fig. 6 - Dimensional stability under tensile load. 
(a) Conventional highest-military-grade magnetic 
tape, 1 in. wide x 1 mil thick, under tensile load 
of 25 Ib, shows elongation of over 100 per cent 
and necking. (b) USAELRDL experimental improved 
high-stability tape, 1 in. wide x 0.7 mil thick, un- 
der tensile load of 50 Ib, shows elongation of un- 
der 5 per cent and no necking. 

allow for the continuous production of greater lengths 
on automatic machinery. 

Further work is required to improve the polycar- 
bonate resin formulations in order to achieve better 
impregnating, laminating and calendering techniques. 
Also needed are more reliable magneticcoating 
bonding systems, and the capability to produce longer 
lengths of uniform-quality magnetic tape. 

General Electric Company has been pursuing this 
objective under USAELRDL Contract No., DA-36- 
039-AMC-02203 (E), titled “Reinforced Plastic 
Magnetic Tapes;” it seems that an ultra-thin high- 
stability magnetic recording tape as described in this 
article will be made available for military and com- 
mercial use in the near future. Studies are also now 
under way to use the reinforcement techniques in 
improved miniature flat flexible multiconductor cable 
now used in micromodule assemblies. 0 0 0  
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